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Abstract
Arctic climate is warming at a rate disproportionately faster than the rest of the world. 
Changes have been observed within the tundra that are attributed to this trend, including active 
layer thickening, shrubland expansion, and increases in fire frequency. Whether tundra remains a 
global net sink of carbon could depend upon the effects of fire on vegetation, specifically 
concerning the speed at which vegetation reestablishes, the stimulation of growth after fire, and 
the changes that occur in species composition during succession. While rapid regeneration of 
graminoid vegetation favors the spread of this functional type in early succession, late succession 
appears to favor shrub vegetation at abundances greater than those observed before fire. Possible 
reasons for this latter observation include changes in albedo, soil insulation, and soil moisture 
regimes.
Here we investigate the course of succession after fire disturbance within tundra 
ecosystems, and the mechanisms involved. A literature review was conducted over previous 
studies on burn sites, and a series of simulated burn experiments were attempted on the burn site 
left by the 2007 Anaktuvuk River fire to assess the behavior of version 2.1 of the Ecosystem 
Demography model (ED2) in the simulation of tundra fire. Though uniquely suited for the 
heterogeneous landscapes found within tundra, ED2 has not yet been applied to these 
ecosystems. Prior to validation, we parameterize and calibrate ED for the Alaskan tundra. The 
land surface sub-model within ED is modified to simulate permafrost through the effects of an 
increased soil-column depth, a specialized peat texture class, and the simulated effects of wind 
compaction and depth hoar on snow density. Parameterization was conducted through Bayesian 
techniques used to constrain parameter distributions based upon data from a literature survey, 
field measurements at Toolik Lake, Alaska, and an assimilation of three datasets. At each step, 
priority was assigned to measurements that could constrain parameters that account for the 
greatest explained variance in model output as determined through sensitivity analysis. Results 
of variance decomposition were compared to judge the contribution of each effort to model 
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uncertainty. Among the datasets considered by assimilation were estimates of net ecosystem 
exchange at Barrow and Atqasuk, Alaska, and height-based growth data collected from bud-scar 
measurements in the same vegetation survey used to derive field measurements. 
Variance decomposition of the model following the literature survey and field campaign 
revealed that reproductive allocation, growth respiration, and a leaf allometry parameter 
explained the largest fraction of model uncertainty among any parameter across all plant 
functional types. Evergreens were ranked as the plant functional type whose parameters were 
most responsible for model uncertainty, followed by deciduous and then graminoids. This was 
attributed to a steady increase in evergreen biomass throughout simulations. The literature survey 
provided the greatest constraint to model parameters; however model uncertainty increased 
following the literature survey due to changes in model sensitivity towards parameters. Data 
assimilation was found to provide the second greatest constraint of any method of constraint 
considered here. Height-based growth was most effective in constraining parameters among data 
assimilation sources, and carbon flux at Atqasuk was least effective. The limited field 
measurements we conducted were least effective in constraining parameters. Changes made to 
the soil sub-model were successful in simulating permafrost. 
Height and bud-scar measurements used during data assimlation against modeled growth 
were also utilized in a statistical analysis with the purpose of investigating whether height-based 
growth has increased throughout the observational record, as well as whether growth has any 
relation to meteorological drivers including temperature and precipitation. From our dataset of 
bud-scar measurements, we found plant height was a significant factor in determining annual 
height growth. Plot, vegetation class, and species were not effective predictors of growth. Year 
was found to have an effect on growth, but no significant trends were found in growth over time. 
No significant trends were found between growth and precipitation; however growth is 
significantly related to the mean annual temperature of the year prior to growth. This relationship 
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was strongest when considering only the effects of temperature during summer months.
Following parameterization, a series of simulations were performed to gauge the 
suitability of ED in predicting carbon balance and vegetation composition following fire within 
tundra. Ensembles of model runs were conducted within burned and unburned sites along the 
Anaktuvuk River fire scar. Modeled net ecosystem exchange at these sites was compared to the 
observations from flux towers. In addition, a series of simulations were performed at these sites 
to access the suitability of the model in simulating post-fire vegetation succession over a time 
scale of 20 years. Two simulations were performed on burned and unburned tundra, as was done 
in the ensemble analysis. An additional set of three simulations was also performed on unburned 
tundra in which one of three alterations was applied that were simulated in burned tundra. 
Alterations reflected observations made in past studies within the Anaktuvuk River burn scar, 
and consisted of a reduction of aboveground biomass, a temporary reduction in surface albedo, 
and a reduction in the depth of the organic soil layer. 
Predictions made by ED  differed significantly from observations within both burned and 
unburned tundra. Ensemble runs on burned and unburned tundra were both able to encompass a 
majority of observed carbon flux measurements within their 95% credible intervals. Modeled 
NEE was found capable of recovering to pre-fire values within 7 years after the fire, and carbon 
lost during the fire was restored within 3 years. Results of simulations considering separate 
alterations from fire suggest the nature of plant composition and carbon balance within the model 
is driven heavily by the combustion of vegetation, with alterations to surface albedo providing an 
effect to a lesser degree. Several issues were observed within long-term simulation, including a 
rapid growth within evergreen and deciduous vegetation, the die-off of graminoid vegetation, 
and a failure to reestablish evergreen vegetation following their removal by fire. Recovery within 
the model was dominated by a rapid succession of the deciduous PFT, which conflicted with 
observations from literature that stated early succession was dominated by graminoids. Further 
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work will be needed for ED to make reliable predictions within tundra ecosystems. 
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climate change
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Chapter 1: Introduction
Air temperatures within the Arctic have increased since the 1970s by an average of 1-2ºC, 
a rate roughly twice that exhibited by the rest of the world (IPCC 2007; McBean et al. 2005; 
Hartmann & Wendler 2003). Arctic regions are characterized by tundra ecosystems, which are 
specialized high-latitude, low-temperature ecosystems typically containing stunted vegetation 
and underlain by permafrost soils (Bliss et al. 1981). Many of the observed changes within Arctic 
tundra ecosystems have been attributed to the recent increase in temperature (IPCC 2007), 
including an increase to air and soil temperature (Berner et al. 2005), warming permafrost 
(Osterkamp et al. 2007) and an associated thickening of the active layer (Frauenfeld et al. 2004; 
Jorgenson et al. 2001). Since at least the mid-nineties, both modeling efforts (Epstein et al. 2000) 
and small-scale experiments (Chapin et al. 1995) have predicted that such changes would 
promote the expansion of shrub vegetation within tundra ecosystems. Since then, efforts in 
remote sensing (Tape et al. 2006; Stow et al. 2004; Sturm et al. 2001) and plot-level observations 
(Elmendorf et al. 2012) have further suggested that shrub vegetation has already exhibited this 
expansion.
The combined effect of a warmer, drier climate and the associated expansion of 
combustible shrubland suggests fire within tundra ecosystems could become an increasingly 
prevalent source of disturbance. Such a scenario has a basis in charcoal records, which suggest 
fire occurred within north-central Alaskan tundra during the last glacial-interglacial transition 
(14-10 ka B.P.) at frequencies comparable to modern boreal forests (Higuera et al. 2008). 
Increases in estimated fire frequency also coincided with increases in shrub vegetation as 
determined from pollen records, suggesting that an expansion of shrub vegetation may result in 
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an increased fire frequency. Modern evidence further suggests that an increase in the frequency 
of tundra fires may be occurring at present. The 2007 Anaktuvuk River fire was the largest and 
longest lasting fire ever reported in the 50 years of historical fire records within the Alaskan 
North Slope, burning an area of 1 039 km2. This is comparable to the total area of all previously 
recorded North Slope fires within the last 50 years, combined (Jones et al. 2009; Mack et al. 
2011). Analysis of sediment cores from lakes within the burned area revealed the 2007 
Anaktuvuk River fire was unprecedented over at least the past 5 000 years (Hu et al. 2010). The 
fire occurred in a year distinguished by record high summer temperatures and record low 
precipitation, suggesting a connection between climate and tundra fire frequency (Jones et al. 
2009).
If the frequency of tundra fires were to increase sufficiently, a series of ecosystem 
feedbacks relevant to fire regimes are possible. On a global scale, tundra fires release a large 
amount of carbon previously sequestered in vegetation and organic horizons. In the case of the 
2007 Anaktuvuk River fire, an estimated 2.1 TgC was released into the atmosphere – an amount 
on the order of the annual net C sink of tundra worldwide, and two orders of magnitude larger 
than the annual net C sink of the burn area prior to disturbance (Mack et al. 2011). In addition to 
an immediate loss in soil carbon stocks, time periods subsequent to the burn are characterized by 
reduced plant productivity, resulting in a net release of CO2 to the atmosphere for several years 
(Rocha et al. 2011). Zamolodchikov et al. (1998) found that GPP within Russian tundra did not 
return to normal levels for up to 8 years after fire. Post-fire C loss may be exacerbated by short-
term effects following burns including increased soil temperature, permafrost thaw, 
decomposition rates, reduced albedo, and reduced summer insulation in organic horizons 
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(Hinzman et al. 1991; Chambers et al. 2005; Haag et al. 1974; Davidson et al. 2006). Organic 
horizons within tundra ecosystems are known to contain large amounts of carbon, estimated at 
1672 PgC globally  (Tarnocai et al. 2009). This estimate is roughly half the global below-ground 
carbon pool, or 4 orders of magnitude larger than annual anthropogenic emissions (Prather 
1995).  If the frequency of fires were to increase in the future, it is possible the tundra biome 
would move from a net sink of carbon to a net source, forming a positive feedback in the global 
carbon cycle (McGuire et al. 2004).
Successional changes are also observed in vegetation following fire. Past studies on post-
fire succession within the tundra suggest graminoid vegetation is favored during early succession 
(<20 years) due to high survivorship rates (Wein & Bliss 1973; Fetcher et al. 1984; Racine 1981; 
Racine et al. 1987; Jandt & Meyer 2000), whereas shrub vegetation may be favored during mid-
term succession (20-30 years) and perhaps later (Landhausser & Wein 1993; Racine et al. 2004; 
Lantz et al. 2010). Mechanisms cited for this latter observation include changes to soil 
temperature, moisture, and albedo (Figure 1). Fire removes organic soil layers that insulate soils 
from warmer air during the summer. Remaining organic soils must retain roughly the same 
quantities of water, causing their water content to increase and further reduce their insulating 
effect on soils. Albedo also increases after fire and warms soils, both through immediate charring 
and through long-term changes in shrub abundance. Each of these changes act to warm soils, 
increase active layer depth, and promote the growth of vegetation. These studies are described in 
detail in a literature review (Chapter 2), along with studies outlining possible mechanisms that 
could drive observed changes. 
As previously mentioned, past increases in fire frequency have been partly attributed to 
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the expansion of combustible shrub vegetation. If fire also facilitates the expansion of 
combustible shrub vegetation, the opportunity would exist for a positive feedback loop to occur 
between fire and shrub abundance. Even if fire only had a discernible effect on graminoid 
abundance during early succession, recent evidence from spatial analysis (Higuera et al. 2011) 
suggests a pattern may exist between fire frequency and graminoid vegetation, perhaps 
producing an effect similar to that postulated for shrub vegetation. It is possible that either 
vegetation type may serve as a fuel source that could facilitate an increase in future fire 
frequency. 
Whether tundra ecosystems become a net source of carbon in the future may depend on 
the speed at which vegetation recovers from disturbance, as well as the composition of 
successional vegetation. If vegetation recovers slowly from disturbance, decomposition would 
surpass productivity for a longer period of time, increasing the probability of tundra shifting to a 
net source of C. Alternatively, if vegetation recovers sufficiently fast, tundra could mitigate C 
loss through decomposition regardless of whether tundra fires were to increase in frequency. The 
outcome may also depend upon the composition of successional vegetation. If resource 
limitation restricts the size of successional vegetation, less biomass would be available to fuel 
future fires. Alternatively, if fuel rich shrub or graminoid vegetation are favored upon succession, 
a positive feedback may exist that is able to perpetuate the altered fire regime.
The important role of tundra in the future global carbon cycle and the uncertainty in 
tundra fire dynamics suggests the need for research on the response of tundra vegetation to fire 
disturbance. Although a limited record of past fire restricts investigation using empirical records, 
insight can be obtained by utilizing paleoecological records and ensembles of simulations 
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representing a range of fire scenarios. Here, we make use of an ecosystem model as part of a 
larger project employing both approaches. 
Numerous ecosystem models have been used in the past to simulate tundra. Some models 
have been developed explicitly for tundra ecosystems (Wang et al. 1995, Epstein et al. 2000), 
whereas others have been adapted for use in tundra (Sitch et al. 2007). Existing models have the 
advantage of working off of a generalized framework that has been tested on many diverse 
ecosystems, though such models often lack the ability to simulate processes and features that are 
particularly relevant to tundra, including lateral hydrology, moss, and permafrost (Sitch et al. 
2007). It has been shown in some cases that a number of processes must be represented within 
the tundra before a model reproduces a specific behavior, making model calibration particularly 
challenging in these scenarios. Soil temperature, for instance, has shown to approach observed 
values in a particular model only after simultaneous changes to soil column depth, snow physics, 
and the thermal properties of the organic layer. Each change on its own produced only marginal 
improvement to the model (Schaefer et al. 2009).
A common concern among models is the inability to represent the large spatial 
heterogeneity driven by topography that is common to tundra (Tape et al. 2012). Most 
ecosystems models are coupled to general circulation models designed to represent large portions 
of the earth at coarse spatial resolution incorporating non-linear interactions. This approach 
generally encounters issues when simulating high latitudes where “micro-scale” topography may 
cause large swings in soil moisture, productivity, and carbon balance. This is particularly 
problematic when modeling the effects of fire, as the scars left by fire commonly occur on these 
scales, and succession within these burn scars is critical to carbon balance. Recent models have 
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emerged to address this issue using hierarchical representations of space that are relatively scale-
independent. Among these is the Ecosystem Demography model (ED), which on the finest scale 
is capable of representing multiple plant cohorts of different sizes and functional groups growing 
together (Medvigy et al. 2009). ED allows for competitive dynamics observed between cohorts 
to be applied to patches of land that share similar topography, and in turn the behavior observed 
in patches can be scaled up to simulate an entire ecosystem. Following parameterization, ED will 
be the first ecosystem model able to perform regional simulations of tundra in terms of 
mechanistic processes that occur on the scale of cohorts. Additional features of ED include the 
capability of representing processes and features relevant to Arctic ecosystems, including lateral 
hydrology. ED is also conceptually capable of representing permafrost through soil layers with 
permanently frozen water content, though no known research has simulated permafrost within 
ED. 
Parameterization of the model (Chapter 3) is conducted in an iterative approach that 
assigns priority to constraining parameters based upon that parameter's ability to explain variance 
within model output as determined through sensitivity analyses. Parameterization is conducted 
through Bayesian techniques used to constrain parameter distributions based upon data from a 
literature survey, field measurements at Toolik Lake, Alaska, and data assimilation from tower-
based NEE measurements at Barrow and Atqasuk, Alaska. This method enables a comparison 
between forms of parameter constraint, allowing us to determine which activities contributed 
most strongly to reducing model-data mismatch. In addition, the land surface sub-model within 
the ED2 model is modified to improve the simulation of permafrost by expanding the depth of 
soil that is simulated, adding a specialized peat texture class, and simulating the effects of wind 
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compaction and depth hoar on snow density. We report the effects of these changes. 
Lastly, we evaluate the present suitability of ED in answering questions pertaining to 
succession following fire in Arctic tundra. We do so through a series of simulated experiments 
conducted at the site of the Anaktuvuk River fire ultimately aimed at investigating the effects of 
fire on the carbon balance, aboveground biomass, and composition of successional vegetation 
(Chapter 5). The most basic experiment consists of two ensemble runs: a control fed initial 
conditions observed on unburned land at the nearby Toolik Long-Term Ecological Research 
(LTER) Station, and a treatment fed initial conditions modified to reflect recent fire disturbance 
as observed by Mack et al. on the Anaktuvuk River burn scar (2011). We note the time at which 
vegetation in the treatment simulation achieves aboveground biomass (AGB) comparable to the 
control, representing the minimum possible fire return interval, or the point at which we assume 
it is possible for vegetation to burn again. We also note cumulative net ecosystem exchange 
(NEE) throughout the treatment simulation to determine when photosynthesis in successional 
vegetation offsets initial carbon loss through soil respiration. Our first hypothesis states (Figure
1, Hypothesis 1) that if cumulative NEE achieves an equilibrium before aboveground biomass 
reaches the threshold needed for fire, then it is unlikely that tundra would become a net carbon 
source as fires increase in frequency without additional changes occurring. 
From the same set of simulations, we also evaluate ED's current suitability towards 
forecasting the effect of fire on shrub abundance during mid-term succession (20 years), beyond 
the time intervals previously investigated in observational studies. Aboveground biomass for 
each PFT is compared between burn and control simulations to the best of ED's abilities. It is 
hypothesized (Figure 1, Hypothesis 2) that the observed pattern of shrub dominance in mid-term 
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succession will persist and strengthen under longer time spans, particularly including the 
dominance of shrub vegetation at abundances greater than pre-fire levels. 
The aforementioned simulations examine the combined effects of fire in tundra. In 
addition, we investigate the strength of effects that drive ecological patterns observed within 
modeled succession. Three sources of change are considered in our simulated experiment: the 
removal of vegetation following fire, the combustion of the organic soil layer, and the reduction 
of albedo in years immediately following fire. To decouple the effects of these alterations, a 
series of model runs are performed in which only one of the three sources of change are applied 
to tundra. The magnitude at which results differ from the control simulation indicates the role 
that mechanism plays in driving patterns of succession. We hypothesize (Figure 1, Hypothesis 3) 
that vegetation removal is the primary driver of observed model behavior in simulated 
experiments. 
References
Berner, J. Symon, C., Arris, L., & Heal, B. 2005. Arctic Climate Impact Assessment. Cambridge 
University Press, Cambridge, U.K. 1042 pp.
Bliss, L.C., Heal, O.W., Moore, J.J. 1981. Tundra Ecosystems: A Comparative Analysis. 
Cambridge University Press, Cambridge, U.K. 
Chambers, S.D., Beringer, J., Randerson, J.T., Chapin, F.S. 2005. Journal of Geophysical 
research 110: 9pp. 
Chapin, F.S., Shaver, G.R., Knute, G., Nadelhoffer, J., & Landre, J.A. 1995. Responses of Arctic 
Tundra to Experimental and Observed Changes in Climate. Ecology 76, 694-711.
Davidson, E.A., & Janssens, I.A. 2006. Temperature Sensitivity of Soil Carbon Decomposition 
and Feedbacks to Climate Change. Nature 440, 165-173.
Elmendorf, S.C., Henry, G.H.R., Hollister, R.D., Björk, R.G., Boulanger-Lapointe, N., Cooper, 
E.J., Cornelissen, J.H.C., Day, T.A., Dorrepaal, E., Elumeeva, T.G., Gill, M., Gould, 
W.A., Harte, J., Hik, D.S., Hofgaard, A. Johnson, D.R., Johnstone, J.F., Jónsdóttir , I.S., 
Jorgenson, J.C., Klenderud, K., Klein, J.A., Koh, S., Kudo, G., Lara, M., Lévesque , E., 
Magnússon , B., May, J.L., Mercado-Díaz, J.A., Michelsen , A., Molau, U., Myers-Smith, 
I.H., Oberbauer , S.F., Onipchenko , V.G., Rixen, C., Schmidt, N.M., Shaver, G.R., 
Spasojevic, M.J., Þórhallsdóttir , Þ, Tolvanen, A., Troxler, T., Tweedie, C.E., Villareal, S., 
Wahren, C.H., Walker, X., Webber, P.J., Welker, J.M., Wipf, S. 2012. Plot-scale evidence 
8
of tundra vegetation change and links to recent summer warming. Nature Climate Change 
1465: 5pp.
Epstein, H.E., Walker, M.D., Chapin, F.S., & Starfield, A.M. 2000. A Transient, Nutrient-Based 
Model of Arctic Plant Community Response to Climatic Warming. Ecological 
Applications 10, 824-841.
Fetcher, N., Beatty, T., Mullinax, B., & Winkler, D.S. 1984. Changes in Arctic Tussock Tundra 
Thirteen Years after Fire. Ecology 65, 1332-1333.  
Frauenfield, O., Zhang, T., Barry, G., & Gilichinsky, D.G. 2004. Interdecadal Changes in 
seasonal freeze and thaw depths in Russia. Journal of Geophysical Research 109, 12pp.
Haag, R.W., & Bliss, L.C. 1974. Energy Budget Changes Following Surface Disturbance to 
Upland Tundra. The Journal of Applied Ecology 11, 355-374.
Hartmann, B., & Wendler, G. 2003. Manifestation of the Pacific decadal oscillation shift of 1976 
in Alaskan climatology. Seventh Conference on Polar Meteorology and Oceanography, 
Hyannis, MA. 
Higuera, P.E., Brubaker, L.B., Anderson, P.M., Brown, T.A., Kennedy, A.T., & Hu, F.S. 2008 
Frequent Fires in Ancient Shrub Tundra: Paleorecords for Arctic. PloS ONE 3, 7pp.
Higuera, P.E., Young, A.M., Duffy, P., Chipman, M.L. 2011 Quantifying links among climate, 
vegetation, and fire activity in Alaskan tundra ecosystems at multiple spatial and 
temporal scales. American Geophysical Union, Fall Meeting 2011.
Hinzman, L.D., Kane, D.L., Gieck, R.E., & Everett, K.R. 1991. Hydrologic and Thermal 
Properties of the Active Layer in the Alaskan Arctic. Cold Regions Science and 
Technology 19, 95-110.
Hu, F.S., Higuera, P.E., Walsh, J.E., Chapman, W.L., Duffy, P.A., Brubaker, L.B., & Chipman, 
M.L. Tundra Burning in Alaska: Linkages to climatic change and sea ice retreat. Journal 
of Geophysical Research 115, 8pp.
Intergovernmental Panel on Climate Change. 2007. Climate Change 2007: Synthesis Report. 
Contribution of Working Groups I, II, and III to the Fourth Assessment Report on the 
Intergovernmental Panel on Climate Change, Geneva, Switzerland: 104pp.
Jandt, R.R. & Meyer, C.R. 2000. Recovery of Lichen in Tussock Tundra Following Fire in 
Northwestern Alaska. U.S. Department of the Interior, Bureau of Land Management, 
Alaska, 
Jones, B.M., Kolden, C.A., Jandt, R., Abatzoglou, J.T., Urban, F., & Arp, C.D. 2009. Fire 
Behavior, Weather, and Burn Severity of the 2007 Anaktuvuk River Tundra Fire, North 
Slope, Alaska. Arctic, Antarctic, and Alpine Research 41, 309-316.
Jorgenson, M.T., Racine, C.H., Walters, J.C., & Osterkamp, T.E. 2001. Permafrost degradation 
and ecological changes associated with a warming climate in central Alaska. Climate 
Change 48, 551-579.
Landhausser, S.M., & Wein, R.W. 1993. Postfire Vegetation Recovery and Tree Establishment at 
the Arctic Treeline: Climate-Change-Vegetation-Response Hypotheses. Journal of 
Ecology 81, 665-672. 
Lantz, T.C., Gergel, S.E., Henry, G.H.R. 2010. Response of green alder (Alnus viridis subsp. 
Fruticosa) patch dynamics and plant community composition to fire and regional 
temperature in north-western Canada. 
Mack, M.C., Bret-Harte, M.S., Hollingsworth, T.N., Jandt, R.R., Schuur, E.A.G., Shaver, G.R., 
9
& Verbyla, D.L. 2011. Carbon Loss from an Unprecedented Arctic Tundra Wildfire. 
Nature 475, 489-492. Mack, M.C., Bret-Harte, M.S., Hollingsworth, T.N., Jandt, R.R., 
Schuur, E.A.G., Shaver, G.R., & Verbyla, D.L. 2011. Carbon Loss from an 
Unprecedented Arctic Tundra Wildfire. Nature 475, 489-492.
McBean, G., Alekseev, G., Chen, D., Førland, Fyfe, J., Groisman, P.Y., King, R., Melling, H., 
Vose, R., & Whitfield, P.H. 2005. Arctic climate: past and present. Arctic Climate Impacts 
Assessment. Cambridge University Press, Cambridge, 21-60.
McGuire, A.D., Apps, M., Chapin, F.S., Dargaville, R., Flannigan, M.D., Kasischke, E., 
Kicklighter, D., Kimball, J., Kurz, W., & McRae, D.J. 2004. Land Cover Disturbances 
and Feedbacks to the Climate System in Canada and Alaska. Remote Sensing and Digital 
image Processing 6 139-161.
Medvigy, D, Wofsy, SC, Munger, JW, Hollinger, DY, and Moorcroft, PR. 2009. Mechanistic 
scaling of ecosystem function and dynamics in space and time: the Ecosystem 
Demography model version 2. Journal of Geophysical Research 114: 21pp.
Osterkamp, T.E. 2007. Characteristics of the recent warming of permafrost in Alaska. Journal of 
Geophysical Research 112: 10pp. 
Prather, M.J., Derwent, R., Ehhalt, D., Fraser, P., Sanhueza, E., Zhou, X. 1995. Other trace gases 
and atmospheric chemistry. Climate Change 1994. Chambridge University Press, 
Cambridge, 73-126. 
Racine, C., Jandt, R., Meyers, C., & Dennis, J. 2004. Tundra Fire and Vegetation Change along a 
Hillslope on the Seward Peninsula, Alaska, U.S.A. Arctic, Antarctic, and Alpine Research 
36, 1-10.
Racine, C.H. 1979. The 1977 Tundra Fires in the Seward Peninsula, Alaska: Effects and Initial 
Revegetation. U.S. Department of the Interior, Bureau of Land Management, Alaska, 
52pp.
Racine, C.H. 1981. Tundra fire Effects on Soils and Three Plant Communities Along a Hill-Slope 
Gradient in the Seward Peninsula, Alaska. Arctic 34, 71-84. 
Racine, C.H., & Johnson, L.A., Viereck, L.A. 1987. Patterns of Vegetation Recovery after 
Tundra Fires in Northwestern Alaska, U.S.A. 1987. 
Rocha, A.V., Shaver, G.R. 2011. Burn severity influences postfire CO2 exchange in Arctic tundra. 
Ecological Applications 21(2): 477-489. 
Schaefer, K., Zhang, T., Slater, A.G., Lu, L. Etringer, A., & Baker, I. 2009. Improving Simulated 
Soil Temperatures and Soil Freeze/Thaw at High-Latitude Regions in the Simple 
Biosphere/Carnegie Ames-Stanford Approach Model. Journal of Geophysical Research 
114, 18pp.
Sitch, S., McGuire, A., Kimbal, J., Gedney, N., Gamon, J., Engstrom, R., Wolf, A. Zhuang, Q., 
Clein, J. McDonald, K.C. 2007. Assessing the Carbon Balance of Circumpolar Arctic 
Tundra Using Remote Sensing and Process Modeling 17(1): 213-234.
Stow, D.A., Hope, A., McGuire, D., Verbyla, D., Gamon, J., Huemmrich, F., Houston, S., Racine, 
C., Sturm, M., Tape, K., Hinzman, L., Yoshikawa, K., Tweedie, C., Noyle, B., 
Silapaswan, C., Douglas, D., Griffith, B., Jia, Gensuo., Epstein, H., Walker, D., 
Daeschner, S., Petersen, A., Zhou, L., & Myneni, R. 2004. Remote Sensing of Vegetation 
and Land-Cover Change in Arctic Tundra Ecosystems. Remote Sensing of Environment 
89, 281-308.
10
Sturm, M., Racine, C., & Tape, K. 2001. Climate Change: Increasing Shrub Abundance in the 
Arctic. Nature 411, 546-547.
Tape, K., Sturm, M., & Racine, C. 2006. The Evidence for Shrub Expansion in Northern Alaska 
and the Pan-Arctic. Global Change Biology 12, 686-702.
Tape, K.D., Hallinger, M., Welker, J.M., Ruess, R.W. 2012. Landscape Heterogeneity of Shrub 
Expansion in Arctic Alaska. Ecosystems 14pp.
Tarnocai, C., Canadell, J.G., Schuur, E.A.G., Kuhry, P.G., Mazhitova G., & Zimov, S. 2009. Soil 
Organic Carbon Pools in the Northern Circumpolar Permafrost Region. Global 
Biogeochemical Cycles 23, 11pp.
Viereck, L., & Schandelmeier, L. 1980. Effects of Fire in Alaska and Adjacent Canada: A 
Literature Review. U.S. Department of the Interior, Bureau of Land Management, Alaska, 
124pp.
Wang, Y.P., & Polglase, P.J. 1995. Carbon balance in the tundra, boreal forest and humid tropical 
forest during climate change: scaling up from leaf physiology and soil carbon dynamics. 
Plant, Cell, and Environment 18: 1226-1244.
Wein, R.W. 1976. Frequency and Characteristics of Arctic Tundra Fires. Arctic 29, 213-222.
Wein, W., & Bliss, L.C. 1973. Changes in Arctic Eriophorum Tusscok Communities Following 
Fire. Ecological Society of America 54, 845-852. 
Zamolodchikov, D.G., Karelin, D.V., Ivaschenko, A.I. 1998. Postfire Alterations of Carbon 
Balance in Tundra Ecosystems: Possible Contribution to Climate Change. Permafrost – 
Seventh International Conference Proceedings 55: 1207-1212.
11
Figures
12
Figure 1. Mechanisms driving changes in shrub abundance and NEE. Hypotheses within  
our study concern relationships as indicated by number.
Chapter 2: Succession and Composition in Vegetation Following 
Fire in Tundra Ecosystems
Past research suggests a link exists between the frequency of fire in Arctic tundra and 
climate. Frequent fires have been noted to accompany climates similar to those that are projected 
to occur on account of global climate change (Higuera et al. 2008, Chapter 1). If fire were to 
increase in Arctic tundra, it is uncertain whether these ecosystems would remain a net source of 
carbon. The future role of tundra in the global carbon cycle may be influenced by the speed and 
magnitude of succession as fire increases in frequency, as well as the composition of 
successional vegetation by influencing flammability and in turn the frequency of fire.  However, 
few observational studies so far have outlined these effects due to the limited presence of fire in 
tundra. The purpose of this review is to clarify the effects of fire upon the productivity, rate of 
succession, and composition of successional vegetation as discussed within existing literature. 
Possible mechanisms identified from additional research are then outlined in an attempt to 
explain patterns observed, with a particular emphasis on feedbacks that could perpetuate altered 
fire regimes. Future research is proposed to elucidate these mechanisms. 
The History of Fire Research in Tundra Ecosystems
A sparse record of past fire within the tundra presents difficulties to studying the effect of 
fire through empirical research. Within Alaska, the most comprehensive observational record of 
past fire is maintained by the Bureau of Land Management, yet records go back only to 1956. 
Testimonial fire events on the tundra go as far back as 1900 during geological surveys near 
Nome, but the precise locations of these fires were not provided in available literature (Racine 
1979; Viereck et al. 1980). The reasons behind this poor observation record are varied. Fire 
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disturbance has typically been a rare event in the tundra, and it could be that even the few 
observed in past decades are a recent phenomenon (Wein et al. 1976). One early literature review 
by Viereck et al. (1980) has suggested tundra fires on the Seward Peninsula were uncommon 
prior to the 1970s, after which several outbreaks of fire were recorded that coincided with a step-
increase in Arctic temperature. The remoteness of the ecosystem also contributes to the poor 
observation record, preventing some of the few fires that do occur from being recorded (Viereck 
et al. 1980). In a 1976 summary of fire records within Canada, Wein et al. (1976) supported this 
conclusion by finding that known burn sites were closely related to accessibility. However, from 
the same study it is reported that 10 of 12 known ignition sources were anthropogenic. Though it 
is possible that observations were biased towards anthropogenic sources, this would suggest even 
the current, sparse observation record is artificially inflated.
On account of a sparse observational record, there is a limited number of study sites that 
are suitable to study the effects of fire during early succession, defined here as under 20 years. 
Study sites that permit studying mid-term succession, on a scale from 20-30 years, are even rarer 
(Table 1). Of the available sites, most are concentrated on the Seward Peninsula where fires are 
relatively common compared to the North Slope (Figure 2, Racine et al. 1987). This could pose a 
potential selective bias if research seeks to apply findings to other areas of tundra. A lack of 
recorded burn areas would not present as much of an issue to research were it possible to identify 
burn areas long after the event. Unfortunately, it is difficult to determine the age of vegetation 
beyond just a few years in treeless ecosystems, and although research since the 1970s has been 
able to identify past tundra burn sites from satellite imagery, the technique is unable to identify 
burn sites older than 5 years (Anderson & Racine 1974; Viereck et al. 1980).  At present, this 
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places an upper bound of 40 years on comprehensive fire survey within tundra. Research using 
controlled burns could bypass limitations posed by the sparse set of study sites, but studies on 
late succession following fire disturbance would require decadal time scales, and thus far no 
experiments are available with observations on this timescale.
The rarity of present-day tundra fires present obstacles to experimental research. 
Research in the past has attempted to overcome these obstacles by concentrating efforts around 
the few fires that are known to have occurred over the last few decades. The majority of 
experiments record observations along the borders of these burn areas in a series of pairwise 
burned/unburned study sites, so as to minimize the variability of extrinsic factors such as 
vegetation classification or soil profiles. The most common measurements made include active 
layer depth and some means of measuring vegetation, such as the relative abundance or 
aboveground biomass (AGB) of each species or plant functional type observed. Some studies 
recorded observations along multi-site transects within and around the burn site (Racine et al. 
2004; Racine 1981). For example, Racine et al. (2004) measured percent frequency and cover 
across observed species within a transect of 10 contiguous 1x1 m plots along a hillside. Because 
burn severity generally corresponds to slope and drainage, a natural gradient in burn severity 
formed along the hillside, which was serendipitously studied in a pre-fire transect for a 
secondary gradient in vegetation class (Racine et al. 2004). Table 1 summarizes North American 
studies on tundra fire disturbance. 
Succession following fire
Rapid Early Succession is Driven by Graminoid Vegetation
One finding made consistently throughout surveyed literature is the stimulation of growth 
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in graminoid species during early succession (<15 years). This is particularly true of the tussock 
species, Eriophorum vaginatum. Most experiments conducted within approximately 15 years of 
fire disturbance suggested some preference towards graminoid or tussock vegetation in burned 
areas, including a greater abundance of graminoid species, faster recovery periods in tussock 
tundra, the establishment of new graminoid species, and graminoid dominance where shrubs 
dominate on unburned sites (Wein & Bliss 1973; Fetcher et al. 1984; Racine 1981; Racine et al. 
1987; Jandt & Meyer 2000). Several sites studied after 14 years exhibited similar behavior (Jandt 
& Meyer 2000). In Racine et al. (1981), graminoid vegetation was found to be the dominant 
functional type at sites previously occupied by shrub tundra, and Racine et al. (1987) went so far 
as to suggest Eriophorum was dependent upon fire disturbance for the removal of competitors. 
This last finding is particularly surprising, as competition is thought to be diminished in high-
stress environments such as the tundra (Grime et al. 1977), and tundra fires may be considered 
too rare to play a role in evolution. 
Racine et al. (1981) reported graminoid dominance among vascular plants in surveys 1-2 
years after fire disturbance for all nine sites of a transect within the Imuruk Lake area of the 
Seward Peninsula. Comparison between surveys conducted 1 and 2 years after fire further 
suggested survivorship played a significant role in tussock dominance in post-fire tussock-shrub 
tundra, while relatively rapid regrowth played a role in general graminoid dominance throughout 
all forms of tundra. Pre-fire data was available from past surveys conducted along the same 
transect 4 years before the fire, which revealed tussock dominates post-fire vegetation even 
within sites previously dominated by dwarf shrub. A tenfold increase was also observed within 
the fruiting stalk density of Eriophorum in surveys 1 and 2 years after fire, suggesting 
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Eriophorum is not just more capable at surviving fire, but profits from it, as well. 
A second study was conducted at burn sites of the Seward Peninsula, the Noatak River, 
and the Kokolik River regions following recovery periods ranging from 1 to 10 years (Racine et 
al. 1987). Succession varied between vegetation classes. Tussock tundra was observed to recover 
much more quickly than shrub tundra within each region, and across both vegetation classes 
coverage by shrub vegetation increased more slowly than graminoids. Graminoid species were 
also observed within burned shrub tundra that were not present in unburned controls, including 
Camalagrostis spp., Arctagrostis latifolia, Poa arctica, and Carex bigelowii. This suggests fire 
had facilitated the establishment of graminoids, in general. 
Wein & Bliss (1973) conducted experiments on aboveground biomass near several 1 to 2 
year old burn sites within tussock tundra across Alaska and the Northwest Territories. Burn sites 
were located along the Elliot and Taylor highways of Alaska, Inuvik, and the Caribou Hills of 
Canada. Additional laboratory experiments were conducted on the germination of Eriophorum 
seedlings. Biomass collected from burned areas was chiefly composed of graminoid vegetation, 
with Eriophorum comprising 90% of harvested weight and the remainder attributed to Carex 
bigelowii. Wein & Bliss hypothesized Eriophorum may require heat-treatment for germination as 
seen in certain temperate graminoids; however laboratory experiments investigating post-fire 
germination potential of Eriophorum seeds found that heat-treated seeds could not germinate 
under conditions found within the field (1973). 
Post-fire success is attributed to a high survivorship rate among graminoids (Hall & 
Johnson 1979; Mack et al. 2011; Bliss et al. 1973). Mack et al (2011) reported survivorship rates 
of 87±11% within Eriophorum vaginatum during the 2007 Anuktuvuk River fire, whereas 
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deciduous vegetation was almost completely combusted. Tussocks have fared even better in 
other studies – Wein & Bliss (1973) reported that not a single tussock within 4 burn sites was 
found dead as a result of fire damage. It is believed that the dense clumps of vegetation formed 
by Eriophorum act as insulation again cold winters, and incidentally provide good insulation 
against heat, as well (Wein & Bliss 1973). Some also reason this may even be an adaptation 
selected specifically for use after fire disturbance (Racine et al. 1987). Fire-induced germination 
has also been hypothesized to enable a rapid recovery of Eriophorum, but laboratory experiments 
conducted by Wein & Bliss do not support this (1973). 
Mid-Term Succession Favors Shrub Vegetation
Of the studies examined, only two followed post-fire communities long enough to 
examine at least mid-term succession (20-30 years) after fire disturbance (Racine et al. 2004; 
Landhausser & Wein 1993). Both were continuations of experiments that exhibited a rapid 
recovery of graminoid species.  These studies suggest a stimulation of shrub vegetation within 
mid-term succession. Five and 22 years after the burn studied by Wein & Bliss (1973) in Inuvik, 
Canada, Landhausser & Wein (1993) returned to the same site to conduct observations on ground 
coverage. Within 5 years of the fire, vascular plant cover returned to 65% of pre-fire conditions, 
but 22 years later this percentage increased to 124%, suggesting vegetation was stimulated by 
past fire. Five years after the fire, graminoid species were found where previously there were 
none, including Camalagrostis canadensis, and these species persisted 22 years after fire. 
Twenty-two years after the fire, though, tall shrub species recovered past pre-fire levels – 
coverage by Ledum palustre increased by 11.7%, and Betula glandulosa increased by 8.8%. 
Biomass recovered to 230% of pre-fire levels and was dominated by the shrub, Ledum palustre. 
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Combined with past observations by Wein & Bliss (1973), this suggests shrub vegetation was 
able to reestablish dominance after initial successes by Eriophorum, and grow well beyond pre-
fire conditions. Concentrations of vegetation 22 years after fire were described as being 
sufficient to fuel a second fire. The observation that deciduous shrubs grew well beyond pre-fire 
conditions suggests the presence of a process during succession that either produces a directional 
change in shrub abundance or ameliorates shrub abundance upon longer time scales. Climate 
warming is an evident possibility that would act as the former process, though without evidence 
on longer time scales it remains possible that shrub abundance would return to pre-fire 
abundances through other processes. 
As mentioned previously, Racine et al. (1981) collected observations of species frequency 
and coverage on a burn severity gradient 1-2 years after fire within the Imuruk Lake region. 
Thirteen and 24 years after the fire, observations were repeated by Racine et al. (2004) along the 
same gradient using similar methods. This study is unique not only on account of its longevity, 
but by the availability of direct, pre-fire observations made along the same transect, which were 
collected with the original intent of studying a secondary gradient in vegetation classification. As 
with previous literature, vascular vegetation was dominated by graminoid species within the first 
decade of fire, with Eriophorum vaginatum dominating tussock-shrub tundra and Carex 
bigelowii dominating the former shrub tundra. Twenty-four years after fire, scattered Salix was 
found growing to heights above 0.5 m throughout the hillside, whereas no other previous 
observations found a noticeable presence. Shrub vegetation was also able to establish dominance 
over Eriophorum within tussock-shrub tundra in the same time frame, accounting for 50% 
ground coverage. Nevertheless, graminoid vegetation remained the dominant vascular plant type 
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in what was formerly shrub tundra (approximately 60% ground cover), though shrub coverage 
increased significantly in the second decade. Furthermore, fire disturbance favored graminoids 
within a wet sedge meadow 24 years after fire – Carex aquatilis emerged to a ground coverage 
of approximately 70%, much higher than pre-fire coverage, whereas shrubs peak after 2 years 
with only 6% coverage (Figure 3). It remains to be seen whether graminoid dominance will 
persist in these vegetation classes. 
Mechanisms of Shrub Dominance
Succession in tundra is generally characterized in literature by a rapid regeneration of 
graminoid species that maintain dominance for perhaps 1-2 decades, followed by a slow 
regeneration of shrub species that may eventually establish dominance at abundances much 
higher than before the fire disturbance. As described in the previous section, survivorship plays a 
large role in early graminoid dominance; however mechanisms driving shrub dominance during 
mid-term succession are generally less well known. Several mechanisms have been proposed to 
explain patterns in mid-term succession. 
Landhausser & Wein suggested that the stimulation of deciduous growth following fire 
may be in some way related to ongoing climate warming (1993). This could occur for a number 
of reasons. It is possible that stimulation of deciduous growth is simply an artifact of climate 
warming measured within burn scars during succession, in which case the observed long term 
effects of fire are partly or entirely driven by the known relationship between climate and shrub 
growth (Elmendorf et al. 2012). As a subset to this hypothesis, it is possible that fire frees space 
for vegetation that is better adapted to current climate conditions . Under this hypothesis, 
preference towards shrub vegetation during mid-term succession is still an effect of climate 
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change, but one that becomes apparent in burn scars from the colonization of freed space. In 
support of their hypothesis, tree species were seen to have established within burn sites along the 
Alaskan treeline (Landhausser & Wein 1993). Nevertheless, such behavior could be explained 
just as well by changes in active layer depth known to associate with fire disturbance (Johnson & 
Viereck & Schandelmeier 1983; Wein & Bliss 1973; Fetcher et al. 1984; Racine et al. 2004). 
Whatever the cause, the explanation offered here could serve as a useful null hypothesis for any 
future research that seeks to explain observed patterns in mid-term succession. 
Among alternative explanations, changes to active layer depth are frequently associated 
within patterns in mid-term succession seen in surveyed literature. In studies where it was 
measured, active layer depth was consistently reported to increase after fire disturbance (Johnson 
& Viereck & Schandelmeier 1983; Bliss & Wein 1973; Fetcher et al. 1984; Racine et al.  2004). 
In the 24 year study conducted by Racine et al. (2004), active layer depth was consistently 
deeper in post-fire measurements with no persistent change throughout the recovery period. Post-
fire active layer depths ranged from 35 to 43 cm, whereas pre-fire active layer depth was 
measured at 23 cm. Indeed, active layer depth is well known to constrain the growth of large 
vegetation, and it is the factor most often attributed to the low-lying vegetation of the tundra 
(Woodward 2004). However, assuming active layer depth is the primary driver for patterns in 
mid-term succession, a series of one or more mechanisms must in turn drive this observed 
change in active layer depth. While direct heating by fire could play some part in the initial 
expansion of the active layer, a seasonal return to altered summer thaw depths as observed in 
literature would likely require a less ephemeral cause (Racine et al. 2004; Fetcher et al. 1984).
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Insulation
Active layer depth in the tundra is tightly coupled to soil thermodynamics, as soil 
temperature is the ultimate determinant of whether soil water freezes (Bliss et al. 1981). 
However, soil thermodynamics are coupled to many other processes in tundra, both biological 
and physical, and it has been claimed that modification to any single parameter within the system 
could go on to affect the tundra as a whole (Hinzman et al. 1991).  Such a system has the 
opportunity to form many feedbacks of varying consequences. Investigating the nature of these 
feedbacks could prove useful to understanding ecosystem responses at larger scales. 
Several unusual characteristics of soil in these regions distinguish tundra from other 
ecosystems. Perhaps most characteristic is the presence of a thick organic horizon. Cold 
temperatures and saturated soils inhibit decomposition rates within soil and foster the 
development of a thick organic horizon (Robinson 2002; Yi et al. 2009; Bliss et al. 1981). Such 
organic horizons exhibit characteristic physical properties that in turn drive soil moisture and 
thermal dynamics. First, such horizons exhibit higher porosity – 85% by volume according to 
one estimate – as compared to most other soils (40% to 50%) (Stieglitz et al. 1999). High 
porosity reduces heat transfer and ultimately results in low thermal conductance, reported as 
anywhere from 3 (Haag & Bliss 1974; Hinzman et al. 1991) to 10 (Nakano & Brown 1972) times 
lower than that of mineral soil. Nevertheless, thermal conductance increases rapidly as soils 
become saturated, and the effect of saturation is exacerbated when soils freeze. A saturated, 
frozen organic horizon may have twice the thermal conductance of the same soil when thawed, 
and 24 times the thermal conductance when dry (Figure 4) (Hinzman et al. 1991). As a result, 
organic horizons act as insulation during the summer when surface horizons are relatively dry, 
preventing heat from reaching deeper soil layers during the only time a significant heat source is 
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available. During the winter, soils saturate and freeze, increasing thermal conductance and 
exposing deeper soil layers to harsh winter temperatures (Hinzman et al. 1991). The ultimate 
effect of the organic horizon is to cool soils year round. Because summer soil temperatures 
ultimately determine the fate of permafrost, the organic horizon can also be thought to contribute 
to the persistence of permafrost, which itself has its own effect upon moisture and vegetation. 
For this reason, inclusion of a porous, insulative organic horizon has been found to be critical to 
the simulation of tundra in past modeling efforts (Lawrence et al. 2008; Schaefer et al. 2009; Yi 
et al. 2007). 
Fire disturbance has been noted to burn into the organic horizons of tundra (Mack et al. 
2011; Liljedahl et al. 2007; Jones et al. 2009; Viereck et al. 1980; Yi et al. 2009). Based upon 
reconstructed estimates of pre-fire organic layer depths, Mack et al. (2011) concluded 30±3% of 
the organic horizon was removed during the Anaktuvuk River fire. Depth burned was found to be 
relatively constant throughout the burn region. With this reduction in organic horizon comes a 
reduction in insulation, which in turn increases summer heating, and warms soils. With the 
benefit of direct, pre-fire measurements, Liljedahl et al. (2007) reported a 50% burn of the 
organic layer in a tundra fire of the Seward Peninsula. Mean annual soil temperatures at 0.5 m 
depth increased by 2.7°C in tussock tundra and 1.5°C in shrub tundra, and this was attributed to 
the reduction in the organic layer. 
Soil Moisture and Temperature Feedbacks
The high porosity of organic horizons within tundra dramatically affects the soil's ability 
to hold water. Bearing high field capacities ranging from 60 to 70%, the organic soils are also 
able to retain water for longer periods of time (Hinzman et al. 1991). This helps to extend the 
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duration at which soils retain water during dry months after spring snowmelt and reduce runoff 
during rainfall events (Hinzman et al. 1991; Kane et al. 1989). Despite this, high hydraulic 
conductivities, ranging from 3 to 20 times greater than that of mineral soil, facilitate the transport 
of water within these soil layers, which in turn facilitates downslope flow and causes a great deal 
of spatial and temporal heterogeneity in soil moisture (Hinzman et al. 1991; Drew & Tedrow 
1957). Throughout the year, organic layers experience large seasonal variability in moisture 
content, ranging from near saturated in the winter to near dry in the summer. Mineral soils, in 
contrast, retain a fairly stable moisture content in tundra that is near saturation (Hinzman et al. 
1991). 
The reduction of organic horizons brought by fire disturbance may interrupt these 
moisture regimes, to some extent. With less porous organic soil available to soak up water, the 
remaining organic layer is more prone to saturation, resulting in wetter soils, overall (Hall & 
Brown 1978). An increase in soil moisture content may be exacerbated both by a decrease in 
evapotranspiration from the removal of vegetation, as well as through permafrost thaw (Liljedahl 
et al. 2007). This behavior is consistent with findings by Liljedahl et al. (2007) and Hall & 
Brown (1978), who each reported greater soil moisture within burn areas of the Seward 
Peninsula. In the study by Liljedahl et al. (2007), soil water content following spring saturation 
increased from 40% to 70%-100% after fire in tussock tundra, though this behavior was not 
found in shrub tundra. 
Changes to soil moisture regimes carry consequences for soil thermal regimes, as well. 
As previously mentioned, the thermal conductivity of organic horizons is highly dependent upon 
soil moisture content – relatively dry organic layers during the summer are far more insulative, 
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and thus deeper soil layers are buffered from relatively hot summer air temperatures (Hinzman et 
al. 1991). However, if the remaining organic horizon is saturated year round as observed in past 
fire studies (Liljedahl et al. 2007; Hall & Brown 1978), the insulative nature of soils are 
diminished when their effect is most significant. This results in an additional warming effect on 
summer soils that complements the warming effect brought by lost organic soil (Yi et al. 2007). 
Albedo
It is occasionally reported in the literature that fire decreases surface albedo both in terms 
of short-term charring and long-term stimulation of growth (Mack et al. 2011; Liljedahl et al. 
2007). Immediate land surface changes from the Anaktuvuk River fire, for example, decreased 
soil albedo by 50-71% (Mack et al. 2011). This is apparently followed by a rapid recovery – with 
the benefit of pre-fire albedo measurements, Liljedahl et al. (2007) reported only minor changes 
to mean summer albedo measurements 2 years after fire; however albedo immediately following 
the fire was not recorded within this study. Known studies on mid-term succession from tundra 
fire disturbance have not taken measurements on surface albedo (Landhausser & Wein 1993; 
Racine et al. 2004). However, past studies on Arctic greening suggest reductions in albedo can 
occur from stimulated growth (Chapin et al. 2005; Loranty et al. 2011; Sturm et al. 2001). Based 
upon these studies, it is plausible that a reduction in albedo could occur from the stimulation of 
growth occasionally observed after fire disturbance (Landhausser & Wein 1993; Racine et al. 
2004). Were this the case, these alterations to albedo would have a long-term warming effect on 
surface soil temperatures, which contribute to warming soils and an ultimate thickening of the 
active layer (Chapin et al. 2005). 
One notable complication in this feedback could come from interactions with snow cover. 
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Comparison between albedo derived from MODIS and vegetation classes provided by the 
Circumpolar Arctic Vegetation Map (Walker et al. 2005) has revealed that areas of tall shrub 
cover correspond to areas of reduced winter albedo (Loranty et al. 2011). Winter albedo does not 
have a significant effect upon soil temperature on account of the constant darkness during the 
winter. However, effects upon albedo persist until the spring snow melt, where albedo becomes 
relevant to temperature (Loranty et al. 2011). Albedo declines during the snow melt, and the 
timing of the decline in relation to the sun's return determines the absorption of radiation. In tall 
shrub tundra, albedo begins to decline earlier in the year, though the rate of decline is slower. The 
magnitude of the decline is also greater, resulting in a lower albedo as previously mentioned. The 
differences are attributed to the capacity for shrub vegetation to shade and retain snow (Loranty 
et al. 2011). These findings suggest stimulated growth brought by fire may have additional 
effects upon albedo not previously considered. In a counterpoint to this finding, Randerson et al. 
(2006) studied fire effects upon albedo in snow covered boreal forests. In their study, albedo was 
found to instead be significantly higher in burn sites on account of a reduced coverage of the 
canopy over snow. Mack et al. (2011) noted this study, but discounted its application to the 
tundra as vegetation is not often tall enough to cover snow. Nevertheless, observations by Sturm 
et al. (2005) suggest that tall shrub tundra is in fact capable of reducing early spring albedo 
despite snow coverage. Taken together, these studies suggest albedo may yet be involved some 
feedbacks resulting from fire, whether positive or negative. 
Conclusions
Available literature suggests early succession from tundra fire disturbance favors a rapid 
regeneration of graminoid vegetation, whereas mid-term succession generally favors shrub 
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vegetation at abundances greater than pre-fire levels. Graminoid species are able to seize new 
territory on account of their rapid regeneration rates, but over longer time periods, changes 
predominantly effected by soil thermodynamics may ultimately favor the emergence of tall 
shrubs. This behavior has several implications to the future of tundra as a carbon sink. If rapid 
regeneration of graminoid species alone is sufficient to offset C release from fire and 
decomposition, tundra may be able to remain a net carbon sink in the future. However, if 
graminoid regeneration is not sufficient, the stimulated growth of combustible shrub vegetation 
in long-term succession may perpetuate altered fire regimes that could drive tundra to become a 
net source of C. Uncertainty is compounded based on whether successional graminoid vegetation 
is sufficient to produce an altered fire regime. 
Future research will have to resolve productivity within short term succession to 
determine whether regeneration is fast enough to offset C release. In addition, it remains 
uncertain whether effects exhibited in mid-term succession will persist into late succession. It is 
possible that observed changes to soil thermodynamics, active layer depth, and vegetation are 
temporary effects that would resolve themselves as a burn site returns to an equilibrium not 
unlike pre-fire conditions.  Finally, were late succession to reach a new steady state favoring 
combustible vegetation, it remains to be seen if it is at least possible for tundra to become a net 
carbon source as fires increase in frequency without additional changes. 
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Figures and Tables
Id Publication Site Years since 
Disturbance
1 Mack et al. 2011 Anaktuvuk River, Alaska 1
2 Wein & Bliss 1973 Elliot Hwy, Taylor Hwy, Alaska. 
Inuvik, Caribou Hills, Northwestern 
Territories, Canada
1-2
3 Zamolodchikov 1998 Vorkuta Region, Russia 2-8
4 Racine et al. 1987 Seward Peninsula, Noatak River, 
Kokolik River, Alaska
1-10
5 Oechel, et al. 1999 Seward Peninsula, Alaska 9-10
6 Fetcher et al. 1984 Elliot Hwy, Alaska 12
7 Landhausser & Wein 1993 Inuvik, Northwestern Territories, 
Canada
22
8 Vavrek, M.C. et al. 1999 Elliot Hwy, Alaska 23-24
9 Racine et al.1981, 2004 Imuruk Lake Area, Seward Peninsula, 
Alaska
1-2, 25
10 Jandt and Meyers 2000 Buckland River Valley, Western Alaska 14-25
11 Lantz et al. 2010 Mackenzie Delta region, Northwest 
Territories, Canada
38-51
Table 1: Studies conducted on the composition and productivity of burn sites within tundra 
regions
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Figure 2: Sites used within literature to study the composition and productivity of burn sites within tundra regions. Numbers 
correspond to studies as described within Table 1. Vegetation classifications reproduced from Walker et al. (2005). Fire perimeters 
reproduced from the Bureau of Land Management (2007). 
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Figure 3: Percent ground coverage by functional type for 8 sites before and after a 1977 fire. 
Sites 1 through 5 were located in tussock tundra. Sites 6 and 7 were located in shrub tundra. Site 
8 was located in a wet sedge meadow. Reproduced from Racine et al. 2004.
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Figure 4: Thermal conductivity observed in soils at different depths and moisture contents within 
the Imnavait watershed of North Slope, Alaska. Reproduced from Hinzman et al. 1991. 
Chapter 3: Parameterization and Validation of the Ecosystem 
Demography Model through Model-Data Feedbacks and Data 
Assimilation
Introduction
There is growing concern that tundra ecosystems may become a net source of carbon in 
the event fires increase in frequency following changes in global climate. Whether tundra 
ecosystems become a net source for carbon may depend upon several factors (Chapter 1). We 
hypothesize that if cumulative NEE achieves an equilibrium before aboveground biomass 
reaches the threshold needed for fire, then it is unlikely for tundra to become a net carbon source. 
We also hypothesized that post-fire AGB will surpass pre-fire values as a result of an increased 
abundance of shrub vegetation, and these values will persist past observational time spans. 
Tundra fires have been typically rare events in the past (Viereck et al. 1980), and this 
rarity presents difficulties that restrict the use of real world experiments in understanding the 
long-term response of tundra ecosystems to an increase in fire frequency (Chapter 2). Testing the 
outlined hypotheses may be aided by the use of ecosystem models to provide immediate insight. 
However, most current ecosystem models are limited by their ability to simulate processes within 
the tundra, notably the large spatial heterogeneity that occurs due to topography. The Ecosystem 
Demography model is characterized by its ability to represent small scale vegetation dynamics 
and apply them to a regional scale (Medvigy et al. 2009). Nevertheless, no past research has yet 
applied this model to tundra ecosystems, and the model requires parameterization, calibration, 
and validation prior to its application. 
Here, we parameterize and calibrate version 2.1 of the Ecosystem Demography Model 
(ED) for use within tundra. We adopt an iterative approach to parameterization that takes into 
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consideration both parameter uncertainty and model sensitivity. Parameter values are represented 
through probability distributions reflecting uncertainty over the correct parameter value within a 
Bayesian context. At each iteration within our study, these distributions are constrained using a 
given data source. Data sources are comprised of the results of a partially automated literature 
review, field measurements, and three passes of data assimilation considering carbon flux and 
height-based growth estimates from bud-scars measurements.
Past studies (LeBauer et al. 2012, Keenan et al. 2012, Wang et al. in prep) have sought to 
provide guidance to both field researchers and modelers by attempting to determine the extent to 
which uncertainty in parameter values drive uncertainty in model output. Parameters that were 
determined to explain a large portion of uncertainty within model output were proposed as 
parameters that would need additional constraint from observations. Researchers could be guided 
by these studies in the organization of future observations. In this study, we make the first 
attempt to parameterize a model by collecting observations with the express intent of reducing 
uncertainty in model output. A subset of parameters are targeted at each iteration that are 
responsible for the largest portion of model uncertainty within a plant functional type (PFT), as 
revealed through variance decomposition over an output variable relevant to the data source. In 
particular, a field campaign was conducted at Toolik Lake, Alaska with the express intent of 
reducing model uncertainty. Because we intend our model to be used in answering questions 
concerning biomass and composition, we choose aboveground biomass (AGB) as the output 
variable for these analyses.  As with past studies, sensitivity analysis following parameterization 
may be used by researchers in organizing future studies. 
Performing a sensitivity analysis at each iteration gives us the distinct ability to compare 
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the efficacy of several common forms of parameterization. Our null hypothesis states that each 
form of parameterization will have an effect of the same order of magnitude in reducing overall 
model uncertainty in terms of AGB. Because only a subset of model parameters can be measured 
directly, we will also compare parameterization efforts in terms of model sensitivity and 
parameter distributions on the basis of individual parameters. 
In addition to model calibration, modifications are made to ED's land surface sub-model 
to improve the simulation of permafrost based on past research by Schaefer et al. 2009. We 
expand the depth of the soil column, add a specialized peat texture class using observed soil 
physical properties, and simulate the effects of wind compaction and depth hoar on snow density. 
We observe the effects of these changes on soil temperature and moisture, hypothesizing the 
changes will bring modeled temperature and water content closer to observed values and enable 
the simulation of permafrost. 
Methods
Version 2.1 of the Ecosystem Demography model was parameterized over a number of 
iterations corresponding to individual data sources, including a literature survey, field campaign, 
and three passes of data assimilation. Prior to each iteration, a variance decomposition was 
performed on simulations at Toolik Lake, Alaska to prioritize parameters that would need 
constraint and evaluate the efficacy of parameterization. Additional modifications were made to 
enable the simulation permafrost. These reflected modifications within a past study by Schaeffer 
et al. (2009). 
Model runs throughout this study considered three plant functional types (PFTs), 
representing graminoids, evergreens, and cold deciduous plants. Table 2 lists species mapped to 
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each PFT for the purpose of parameter constraint. Arctic ecosystems are commonly distinguished 
in terms of graminoid and shrub tundra (Walker 2005), and past research on succession in tundra 
following fire has placed particular attention on plant composition in terms of graminoid and 
shrub abundance (Racine et al. 2004, Landhausser & Wein 1993, Wein & Bliss 1973). The 
distinction between evergreen and deciduous shrubs is made in several past studies (Racine et al. 
2004, Walker et al. 2000), and was necessary to accommodate for nontrivial distinctions in 
model code that exist between growth forms. Certain studies have included an additional forb 
PFT (Racine et al. 2004, Walker et al. 2000); however, in this study forbs were subsumed to the 
evergreen and deciduous PFTs in order to maximize the data that could be used to constrain 
parameters within these PFTs. 
Model Description
The Ecosystem Demography model (ED) is a terrestrial biosphere model distinguished by 
its ability to simulate regional scale dynamics through a set of mechanistic models working on 
the level of spatially implicit plant cohorts (Medvigy et al. 2009). On the largest scale, land 
within ED may be partitioned into a series of spatially explicit polygons that are simulated in 
isolation from their neighbors, thereby allowing simulations to be run in parallel. Polygons are 
subdivided into a series of spatially implicit “sites” that each represent a particular watershed 
hydrology and microclimate that occurs in a polygon. Sites are subdivided into “patches,” each 
representing tracts of land within a site that share similar soil conditions and disturbance history. 
Patches are subdivided into cohorts, each with a common plant functional type (PFT) and size. 
Multiple cohorts of the same PFT can exist within a patch; however cohorts of the same PFT and 
size are fused together at regular intervals. A PFT is characterized by a set of parameters 
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pertaining to plant physiology, and may be classified into one of several growth forms that each 
have distinct behavior in model code. What follows is a description of model parameters that 
were considered during calibration and sensitivity analyses. Soil physical properties were the 
focus of calibration, and only PFT-level parameters were considered within our sensitivity 
analysis. A comprehensive description of the model is provided by Medvigy et al. (2009).
Plants within cohorts are assumed to share similar behavior on account of equivalent PFT 
and size. As a result, each cohort acts much like an individual plant, such that individual-level 
processes are scaled to reflect the plant density within a cohort. The plants themselves may be 
considered a set of biomass pools, including stem, leaf, root, storage, and reproductive biomass. 
Allometric relationships map leaf and stem pools to diameter, which is then used to derive height 
and canopy area. These relationships are expressed in the form of a common allometric scaling 
law, 
y=b1 xb2 (1)
or, expressed in log scale,
 log(y) = log(b1) + b2 log(x) (2)
where b1 (“allometry intercept”) and b2 (“ allometry slope”) are model parameters. A separate 
allometric relationship maps plant diameter to height, 
 h = r + b1 (1 – eb2 d) (3)
where h is height and d is diameter. Variables r (“reference height”), b1 (“maximum plant 
height”), and b2 (“height allometry exponent”) are model parameters. 
On an annual basis, plants that are above a given height-based threshold of maturity 
(“minimum reproductive height”) participate in reproduction. A given fraction of a plant's 
storage biomass is partitioned to become reproductive biomass (“reproductive allocation”). The 
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remaining fraction of storage biomass is used towards structural growth. A second fraction, 
“seedling mortality,” filters the reproductive biomass pool and determines the amount of biomass 
that is said to survive to become recruits. Another parameter, “seed dispersal” expresses the 
proportion of seeds that are outside the patch. Recruits begin life at a set height, also defined as 
the minimum plant height that is represented by the model (“minimum plant height”). 
Plants allocate leaf biomass to reflect a given ratio with fine root biomass (“fine root 
allocation”). Leaves flush and senesce in a manner reflecting their growth form and a parameter 
reflecting leaf turnover rate. Leaf biomass pool is mapped to leaf area through a parameter 
representing specific leaf area (SLA). Stomatal conductance over this area is represented through 
a model proposed by Ball et al. (1987) and later modified by Leuning (1995), which notably 
includes an intercept (“cuticular conductance”) and scalar (“stomatal slope”) to independent 
variables including assimilation, vapor pressure deficit, and CO2. Photosynthesis and dark 
respiration are represented using the model developed by Farquhar et al. (1980). Photosynthesis 
is controlled in part by ambient CO2 using the temperature-scaled maximum carboxylation rate 
of Rubisco (“Vcmax”), and light through quantum efficiency.  An additional limitation is imposed 
by temperature through both Arrhenius scaling and a parameter representing the temperature at 
which photosynthesis rapidly declines (“photosynthesis min temp”), described in a later model 
(Collatz et al. 1992). Plant respiration is composed of several sub-processes represented through 
parameters. Leaf, root, and storage biomass pools each contribute a component of respiration that 
is proportional to its biomass, comprising leaf, root, and storage respiration components. Growth 
respiration is determined as a constant fraction of net assimilation upon considering other 
components of respiration (Moorcroft et al. 2001). 
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Mortality may occur for one of several reasons within the model. Density-dependant 
mortality is expressed as a negative exponential function of a plant's carbon balance and a 
coefficient (“mortality rate”). Here, carbon balance is expressed as a ratio to the maximum 
carbon balance possible within the plant. Frost mortality occurs as a function of a second 
parameter (“minimum plant temperature”), representing the temperature threshold at which 
freezing mortality rapidly increases. An additional parameter expresses background mortality 
independent from carbon balance; however previous sensitivity analyses have found the model to 
be insenstive to this parameter (LeBauer et al. 2012). For this reason, the parameter was not 
considered within our study. 
Abiotic processes within the model include nutrient cycling and soil hydrology. Nutrient 
cycling in ED is derived from the CENTURY model (Parton et al. 1987). A PFT-based 
parameter, litter % labile C, determines the fraction of a PFT's litter that is transferred to the fast 
soil carbon pool. Lateral hydrology is derived from TOPMODEL (Walko et al. 2000). Soil 
physical processes in ED are derived from the LEAF-2 model – soil columns at each site are 
partitioned into layers of given depth and texture class (Medvigy et al. 2009). Texture classes are 
distinguished by their composition in terms of sand, silt, clay, and organic matter. Each class is 
assigned values for soil thermal and physical properties, including porosity, hydraulic 
conductivity, field capacity, and thermal conductivity as a function of soil moisture (Walko et al. 
2000; McCumber & Pielke 1981). 
Soil layers exchange moisture and heat amongst themselves, the canopy, and the 
vegetation based upon established physical relationships (McCumber & Pielke 1981, Mahrer & 
Pielke 1977). Gradients in moisture potential or tension and hydraulic conductivity drive intra-
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soil moisture flux. Heat flux is derived in part from this moisture flux, given the latent and 
sensible heat of the water, in addition to the layer's thermal conductivity and temperature 
gradients. The energy content of a soil layer can be determined directly from the mass of ice, 
liquid, and soil within the layer, in combination with  soil temperature and the specific heats of 
those materials. Permafrost is not an explicit entity within the model, but is simply represented as 
any soil layer whose temperature remains below the freezing point for two years or more past a 
burn-in period. The mass of soil water available for plant uptake is determined as a function of 
ground surface area, water volume, root mass, and a PFT-specific coefficient (“water 
conductance”). 
Site Descriptions
A vegetation survey was conducted in the vicinity of the Arctic Long Term Ecological 
Research (LTER) Station at Toolik Lake, Alaska, located in the Upper Kuparuk region on the 
North Slope of the Brooks Range (68º38'N, 149º34'W). The research station was originally 
founded in 1975 to utilize roads built for the then recently constructed Alaskan oil pipeline 
(Alexander & Van Cleve 1983), and was incorporated into the LTER project in 1987 (O'Brien 
1992). The station itself is located 1.2 km from the Dalton Highway, and 4 km from the Alaskan 
oil pipeline. Mean annual temperature is -8.6º C and mean summer precipitation is 180 mm 
(Oberbauer et al. 2007, Mack et al. 2004). The site is comprised of pergelic soils (Mack et al. 
2004) that were observed to consist of an organic horizon down to a maximum depth of 9 cm, 
followed by clay mineral soils through the remainder of the active layer. Active layer depths 
were observed between 8 and 37 cm. Elevation varied from 776 m to 948 m within plots. 
Additional datasets used for the purpose of data assimilation were provided by the 
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Ameriflux towers at Barrow and Atqasuk, Alaska. Both sites are located in the region of wet 
sedge tundra that borders the Arctic Coast of Alaska. Each site hosts a number of research 
projects in Arctic ecosystems, including the project in Arctic Transitions in the Land-Atmosphere 
System (ATLAS), the Arctic System Science program (ARCSS), and the International Tundra 
Experiment (ITEX). Figure 5 depicts a map of these sites.
The AmeriFlux tower in Barrow, Alaska (71º19'21"N, 156º37'33.2"W) was established in 
1997 and is located approximately 1.7 km from the coastline at only 1 m elevation. Mean 
temperature is -12.6ºC and mean annual precipitation is 57 mm (Oberbauer et al. 2007). The site 
is comprised of aquiturbel soils that are described by the National Resource Conservation 
Service (NRCS) as being composed almost entirely of loam, with a negligible peat layer of only 
2 cm. Active layer depths average 35.6 cm (Nelson et al. 1998). Vegetation is described by 
Walker et al. (2000) as being composed of graminoid and deciduous vegetation. Evergreens were 
absent within this dataset. 
The Atqasuk flux tower (70º28'11"N, 157º24'32"W) was established in 1999 and is 
located approximately 46 km from the coastline and 100 km south of Barrow. Elevation at the 
site is 15 m. Mean temperature is -11.9ºC and mean annual precipitation is 55 mm (Oberbauer et 
al. 2007). The site is comprised of pergelic soils that are described by the NRCS as being 
composed of sand with an 8 cm organic horizon composed of peat. Active layer depths average 
47.2 cm, deeper than those at Barrow (Nelson et al. 1998). Vegetation is described by Walker et 
al. (2000) as being composed of graminoid and evergreen vegetation, with deciduous vegetation 
absent from the survey.
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Variance Decomposition
The Ecosystem Demography model was parameterized in our study over several 
iterations, each of which was preceded by a variance decomposition performed over simulations 
at Toolik Lake, Alaska. Parameter contribution to model uncertainty was gauged using output 
corresponding to the type of data that was to be incorporated during the iteration. Because the 
model is intended for use in addressing questions pertaining to productivity and composition, 
AGB was chosen as a metric to gauge sensitivity prior to the literature survey and field season, 
as well as to compare the efficacy of parameterization efforts, in general.  Analyses prior to data 
assimilation additionally considered the model output that was to be assimilated. Model runs 
simulated 5 years of growth, from June 2005 to the end of 2010. Meteorological drivers were 
provided on a 3-hourly time step by the North American Regional Reanalysis (NARR, Messinger 
et al. 2006). Soil layers scaled geometrically between 10 cm and 12 m, and textures for each 
layer were provided by on-site descriptions from the National Resource Conservation Service 
(NRCS). Initial conditions were based upon observations from a vegetation survey at Toolik 
Lake, Alaska.
Prior distributions were adopted for parameters within each PFT that intended to 
encompass a full spectrum of values within cold tolerant plants, relevant phylogenetic groups, or 
all plants worldwide (Table 1). Given an initial lack of information on parameter values relevant 
to tundra, these priors were intended to prevent over-constraint as new information was obtained. 
Priors for Vcmax were obtained from an analysis performed by Wullschleger et al. (1993) over 109 
species distributed worldwide. Priors for allometric parameters reflected distributions derived 
from field measurement (see “Field Measurements”). Priors for minimum plant and reproductive 
heights were set to a uniform distribution bounded by 0 and the average height reported within 
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the same field measurements. Several parameters were held at constants and not considered by 
analysis. Among them was graminoid reproductive allocation, which is conceptually defined as 
100% within ED. Leaf width was found to be insensitive and was set to a default to address 
model errors that would occur in high values on some analyses. Leaf width was set to 3 cm in 
deciduous plants and 5 mm in other PFTs, reflecting estimates from field measurement. 
Graminoid reproductive height was conceptually defined as 0 within ED. Parameters not 
otherwise mentioned were based upon existing ED defaults for growth forms associated with 
each PFT. The evergreen PFT adopted defaults from late-successional temperate evergreens 
within existing model code, and the deciduous PFT adopted defaults of late-successional 
temperate broadleaves. Both reflected the most fitting growth forms available in existing model 
code, which ranged from tropical to northern temperate vegetation. Defaults here notably 
included parameters found to be insensitive in previous studies (LeBauer et al. 2012) and model 
code related to high-level phenological behavior.
Variance decomposition was performed using version 1.1 of the Predictive Ecosystem 
Analyzer (PEcAn) software toolkit (LeBauer et al. 2012), available at 
http://www.pecanproject.com/. For each parameter, a set of model runs were performed in which 
all other parameters were held at their median values. The parameter of interest was set to 
quantiles equivalent to ±[0, 1, 2, 3]σ in a standard normal distribution (i.e. the 0.3rd, 5th , 32nd, 
50th, 68th, 95th, and 99.7th quantiles of the parameter's distribution). Modeled AGB was read into 
PEcAn, from which a spline curve was created to approximate AGB as a function of the 
parameter of interest, f=g(θ). The derivative of this function, df/dθ, indicated the model's 
sensitivity to the parameter, and a non-dimensional metric known as the elasticity, 
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(4)
allowed the comparison of sensitivities between parameters of different units of measure. 
Coefficient of variation for parameter distributions were calculated to indicate the extent to 
which prior distributions were constrained. The standard deviation of g(θ) integrated over a 
single parameter distribution was calculated to produce a variance decomposition, in which total 
model uncertainty is decomposed into components that can be attributed to a single parameter. 
The variance decomposition suggests the extent to which a parameter drives model output, both 
in terms of parameter uncertainty and model sensitivity. This is used within our study to assign 
priority to parameters in efforts to constrain model uncertainty. Variance decomposition was 
repeated at each stage of parameterization – an analysis was performed on unconstrained prior 
distributions before the start of parameterization, as well as on distributions constrained through 
literature review, field measurements, and two passes of data assimilation. Comparison between 
variance decompositions would enable an examination of the effects of the each stage on 
uncertainty within both the model and its parameters. Figure 6 illustrates the analyses conducted 
within this work flow. 
Literature Survey
A literature survey was conducted to compile trait values for tundra vegetation in order to 
constrain parameters within ED. Priority was assigned to plant traits that could be used either 
directly or indirectly to derive parameters that explained the greatest variance within ED model 
output exhibited throughout sensitivity analysis. Target species for the literature survey were 
compiled from papers cited by previous modeling efforts as sources for plant community 
composition of the North Slope, AK, including the works of Shaver et al. (1989), Auerbach et al. 
(1997), and Bliss et al. (1981). Species priorities during data entry were assigned based on past 
studies of species abundance at the Toolik LTER site by Shaver et al. (1989). 
Literature searches were partially automated through a custom web crawler written to 
traverse all possible combinations of species and plausible keywords for a parameter using the 
Google Scholar search engine. For each parameter, the web crawler was executed given the list 
of targeted species and keywords associated with that parameter, and the top 50 results were 
displayed. The web crawler would order results by frequency of occurrence among searches, and 
display the most frequent results. Results were inspected manually from most to least frequent, 
and results that were determined to have plant trait data were submitted to a queue from which 
all plant trait data would be entered manually into a database. Appendix A describes specifics of 
implementation, along with code, target species, and keywords for each parameter.
Traits retrieved from literature were stored using the Biofuel Ecophysiological Traits and 
Yield Database (BETY-db), available at https://betydb.org/. A meta-analysis was performed over 
trait data through MCMC simulation using three chains of 200 000 iterations each. Code for the 
meta-analysis is available in the PEcAn software toolkit (LeBauer et al. 2012). The parameter of 
interest from this meta-analysis was the posterior distribution of the across-study mean value of a 
given trait. 
Field Measurements
A targeted field campaign was conducted at Toolik Lake, Alaska with the explicit goal of 
reducing model uncertainty within ED. Field measurements were chosen to constrain the 
distributions based upon a parameter's ability to explain variance seen in ED output during 
variance decomposition, with the aim to constrain the top five model parameters for each PFT 
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that were capable of being constrained through a direct, non-repeated observation. These 
observations also facilitated the incidental collection of less sensitive parameter estimates. 
Several sensitive processes were impractical to measure given time constraints, including 
growth respiration, and water conductance. At the same time, some traits were measured that 
were not determined from sensitivity analysis. Growth rate, as determined by plant height and 
bud-scar locations, was recorded for the purpose of data assimilation. Traits were also measured 
to derive allometric parameters in the model, as there were no existing priors available beyond 
those for temperate and tropical trees. The field campaign was designed to consist of two parts. 
The first part was composed of a vegetation survey to constrain parameters related to allocation, 
growth, and allometry. The second part consisted of a series of photosynthetic response curves to 
constrain model parameters related to photosynthesis and conductance. Parameters were 
comprised of Vcmax, Jmax, quantum yield, leaf respiration, the CO2 compensation point, and the 
Minimum temperature for photosynthesis. 
Survey
We selected 16 plots within six vegetation classes. Sites were selected for vegetation 
classes using the Toolik Map engine and Toolik-Arctic Geobotanical Atlas (Walker et al. 2008). 
Vegetation classes included moist acidic, moist nonacidic, dry acidic, riparian, shrub vegetation, 
and barren ground cover. Sites were located a minimum of 120 m from the Dalton Highway, and 
were 1.35 km to 2.6 km south of the Toolik LTER station (Figure 7). With each site, a series of 
0.25 m x 0.25 m plots were selected randomly. The number of plots in each vegetation class is 
given in Table 4. Sampling occurred from June 29th to July 1st of the 2011 growing season.  
For each plot, the aboveground biomass of all vascular plants was harvested and bagged 
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individually. For each plant, we noted the species, stem length, basal diameter, bud-scar locations 
along the stem, and crown dimensions. Crown dimensions were recorded as the maximum width 
of the crown and the width perpendicular to that transect. Several plots were surveyed without 
the aid of calipers, and for these plots we omitted on-site measures of basal diameter. In its place, 
basal diameter was measured on dry samples at a later date.  A series of two classical log-linear 
regressions were applied to allometric relationships for each species, one considering the effect 
of drying and the other without. On species where the effect of drying was found to be 
significant (α=0.05), lab-based measurements of basal diameter were omitted from statistical 
analysis. Samples were dried at the research station and transported back to the University of 
Illinois, where individuals were separated into pools of leaf, stem, and reproductive biomass, 
each of which was weighed. Tussocks encountered within plots were partitioned on-site into 
pools of alive, dead, and reproductive biomass.
In addition to plant biomass, soil cores were collected from the center of each plot. Soil 
cores measured 5 cm in diameter and extended down to permafrost, at a maximum depth of 27 
cm. For each core, we noted the depth of the moss and active layers. Soil samples were 
partitioned into pools of roots, rhizomes, and moss, which were each dried and weighed. All root 
biomass constituted fine root biomass as defined by ED (<2 mm in diameter). Taken together, 
biomass pools are used to derive plot-level fine root allocation within ED. Finally, the 
comprehensive survey of biomass pools on an individual basis were used to derive initial 
conditions for ED at Toolik. 
Photosynthesis Response Curves
The second half of our targeted field campaign consisted of a series of photosynthesis 
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response curves intended to constrain parameters related to photosynthesis and conductance. 
Twenty-one live plants were collected from sites chosen from the vegetation survey.  Specimens 
were returned to the field station, where we measured photosynthesis in response to 
environmental variables. Specimens were chosen based upon species abundance as estimated 
from our vegetation survey, consisting of nine deciduous plants, ten evergreens, and two 
graminoids (Table 5).
A single LICOR-6400 Photosynthesis System was used throughout observations. The 
system was augmented with a LICOR 6400-22L lighted conifer chamber as need arose. For each 
specimen, we attempted to collect three response curves: a CO2 response curve ranging from 50 
to 800 ppm, a light response curve ranging from 0 to 2000 μmol CO2 m-2 s-1 , and a temperature 
response curve ranging from ambient air temperature to the lowest possible value enabled by 
equipment, down to a minimum leaf temperature of -4.7°C. Response curves were abandoned in 
the event that estimated stomatal conductance dropped below a threshold of 0.06 mol H2O m-2 s-
1, after which it was assumed stomata could not re-open in a reasonable amount of time.
Temperature response curves were conducted by immersing the plant and the attached 
IRGA into a chest freezer at -20°C. Records were logged automatically in 5 second intervals 
until net respiration was observed or the leaf temperature could drop no further in a reasonable 
amount of time. To prevent condensation within the system, air fed to the IRGA was scrubbed of 
water vapor to a concentration at which the dew point was below the temperature within the 
freezer. Some water vapor remained so as to prevent stomatal closure. 
Leaves enclosed by the IRGA were spread out and photographed immediately following 
photosynthesis response curves. Estimates of leaf area were derived from these photographs 
49
using the ImageJ image analysis software application, which were used in calibrating 
measurements taken by the LICOR. Leaves enclosed by the LICOR were later weighed for the 
purpose of deriving estimates of SLA. 
Statistical Analysis
Allometric parameters were estimated using Bayesian Monte Carlo Markov Chain 
simulation as offered by the JAGS software toolkit (Plummer 2003). Height, leaf mass, stem 
mass, and crown area were modeled as functions of basal diameter within deciduous and 
evergreen PFTs. On account of poor fits observed in other relationships, only the height-leaf 
mass relationship was considered for the graminoid PFT. 
Models for allometric relationships reflected their representations in ED. Diameter-height 
relationships were fit to the equation: 
h = r + b1 (1 – e b2 * d ) + ε (5)
where h represents height, and d represents basal diameter. Here, r represents a reference height 
from which measurements of stem diameter were taken.  We estimated such an offset would be 
on the order of only 1 cm. This served as the mean of our prior for this parameter – a normal 
distribution with a standard deviation of 0.5 cm. Parameter b1 represents the maximum 
theoretical height of a plant. Its prior was represented by a normal distribution. The mean and 
standard deviation of the distribution were those of a set derived from the heights of the single 
largest individuals recorded for each species sampled by Shaver et al. (1989).  b2 is a 
dimensionless parameter assumed to be log-normally distributed. The mean and standard 
deviation of this distribution were based upon the mean and standard distribution of a set derived 
from the defaults for all non-graminoid PFTs within ED. Table 6 specifies the prior distributions 
assigned to each parameter. 
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All other allometric relationships were fit using the standard allometric scaling law, 
 ln(y) = ln(b1) + b2 * ln(d) + ε (6)
given diameter d and dependent variables y. Variable y would assume the form of stem mass, leaf 
mass, or canopy area, depending upon the model that was fit. Priors for intercept b1 were 
represented by log-normal distributions. Mean and standard deviations for for these prior 
distributions were those of a set of values derived from the defaults for all non-graminoid PFTs 
within ED. For the graminoid diameter-leaf mass allometry, priors were derived from graminoid 
defaults within ED. Standard deviations for b2 parameters were inflated by a factor of 10 to 
provide less informative parameters. Standard deviations for b1 parameters were not inflated in 
order to prevent convergence errors. Only one set of defaults were used within ED to express the 
diameter-crown area relationship (Dietze et al. 2008), and as a result, we set the mean and 
standard deviation of the diameter-crown area to these defaults. All priors for error term ε would 
assume a gamma distribution with a shape and rate of 0.1. Table 6 specifies the prior 
distributions assigned to each parameter across models mapping diameter to height, leaf biomass, 
stem biomass, and crown area. MCMC simulation was performed over three chains of 25 000 
iterations each. Burn-in and convergence were adjusted to reflect the Brooks-Gelman-Rubin 
(BGR) diagnostic, while thinning interval was adjusted using autocorrelation. 
As with allometric parameters, values for photosynthetic parameters were determined 
through a Bayesian analysis of photosynthesis response curves. CO2 and light response curves 
were fit to the Farquhar model of photosynthesis through MCMC simulation provided by the 
JAGs software library. Model code was developed in a previous study by Feng et al. (2012, 
unpublished). SLA was the only covariate considered within the model. Priors used for the 
analysis were generally non-informative or reflected priors used during the meta-analysis. Priors 
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for Jmax and Vcmax were log-normal distributions fit over estimates provided by Dynes and Moore 
(unpublished). Table 7 specifies the prior distributions assigned to each parameter used within 
statistical analysis. Temperature response curve datasets were much larger than curves for CO2 or 
light, and to prevent these curves from drowning out effects from others, the data from 
temperature response curves were fit separately to the temperature threshold function as 
represented within ED. In this representation, Vcmax is substituted by a temperature dependent 
value, Vt, such that 
 (7)
where T is the observed temperature of the leaf, Tmin is the minimum temperature for 
photosynthesis, and Vcmax is the max carboxylation rate scaled by temperature using the Arrhenius 
function. Here, Vcmax is a known value as determined by analysis of other response curves. Table
7 specifies the prior distribution used for the minimum temperature for photosynthesis, a value 
representative of winter annual vegetation. Each analysis was performed with three chains of 50 
000 iterations each. Burn-in and convergence was determined through the BGR diagnostic, and 
thinning interval was adjusted using autocorrelation.  This process was repeated for each 
individual specimen.
As with data from the literature survey, field measurements were entered into BETYdb, 
and a meta-analysis was performed after all data had been entered. The meta-analysis was 
conducted over all data from the literature and field through MCMC simulation using priors and 
settings previously mentioned under the literature survey. A sensitivity analysis was performed 
on constrained distributions matching previous analysis, and results were compared between 
analyses to gauge the effect of the field campaign. 
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Data Assimilation
Several sensitive parameters were not considered during the field campaign due to the 
difficulty of their measurement. Among these were notably parameters controlling growth 
respiration and seedling mortality. In addition, incongruities existed between modeled and 
observed plant composition and growth that were attributed to the distributions of PFT-level 
parameters – simulated shrub vegetation, for example grew well above the observed values for 
AGB that were set as initial conditions. Data assimilation was conducted with the intent of 
improving model accuracy and constraining parameters for distributions not addressed by 
literature or direct observation, in addition to any parameters that remained sensitive following 
constraint by past parameterization. 
Three passes of data assimilation were conducted. The first pass assimilated height-based 
growth data collected from bud-scar measurements on deciduous and evergreen vegetation 
surveyed at Toolik Lake, Alaska. A detailed description and analysis of this dataset are provided 
in Chapter 4. A second and third pass assimilated measurements of carbon flux reported at the 
Ameriflux towers in Barrow and Atqasuk, Alaska. Figure 5 depicts a map of these sites upon the 
North Slope of Alaska. Each dataset was used to constrain five parameters within each PFT. 
Parameters were selected that explained the greatest variance in model output over a sensitivity 
analysis performed on parameter distributions constrained through the literature survey and field 
campaign. This sensitivity analysis, as with all others, was conducted on simulations at Toolik 
Lake, Alaska. The model output used to gauge sensitivity varied based upon the data that was to 
be assimilated. Parameters chosen for constraint against height-based growth data were 
determined based upon model sensitivity in terms of plant height, and parameters chosen for 
constraint against NEE were determined based upon model sensitivity in terms of NEE. Figures 
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12 and 13 provide results from the sensitivity analyses used to prioritize parameters, and Table 8 
provides a list of parameters considered for each data source. 
In each pass of assimilation, distributions for the 15 selected parameters were constrained 
using Bayesian model-data fusion techniques in which the process model was defined as the 
entirety of ED and likelihoods were calculated from observed and modeled variables. However, 
due to the long run times required by ED, a naïve MCMC approach would consume prohibitive 
amounts of time. To address this issue, we adopted the emulation technique developed by Dietze 
et al. (2012, in review), in which the joint likelihood surface of the model is approximated using 
a statistical model fit to the likelihoods from a ensemble of model runs using an experimental 
design in parameter space. 
Ensembles for each data source consisted of 500 model runs that simulated the site at 
which observed data were collected. The ensemble would sample model output across the 
parameter space comprising the distributions of the 15 parameters to be considered for that data 
source. Parameter values for each model run would be generated quasi-randomly over their 
distributions using the Halton sequence to provide lists of quantiles. The Halton sequence is a 
deterministic sequence of numbers from 0 to 1 forming points in n-dimensional space. The 
sequence is commonly used in Monte Carlo methods in place of random numbers; however 
points from the sequence are roughly equidistant relative to purely random points (Halton et al. 
1964). Parameters not considered in data assimilation were set to their medians for all model 
runs. Prior distributions for all model runs were the posterior distributions from meta-analysis 
considering both the literature survey and field measurements. 
A single likelihood value was calculated for each model run at each site, representing the 
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likelihood of model output occurring given observed values. A Gaussian Process (GP) model was 
used to emulate the log likelihood of ED output as a function of the parameters considered for 
data assimilation. The Gaussian Process model is a multivariate generalization of the Kriging 
model, both of which serve to interpolate normally distributed values between observed data 
points. Results of ensemble runs, together with runs from a sensitivity analysis at these sites, 
were used as the observed data points of the Gaussian process model. Code supporting the 
Gaussian process model was provided by the kernlab package in R. 
Parameters were constrained through the Metropolis Algorithm using the Gaussian 
Process model to calculate the log likelihood of model output under a given parameter set. While 
faster than running ED at each iteration, emulation through the Gaussian process required matrix 
operations of O(N3) complexity, such that run time increases cubically with the number of model 
runs considered. To address efficiency issues, the MCMC simulation was performed on five 
chains that were run in parallel. Each chain consisted of 8 000 iterations, with a burn-in of 500 
and thinning interval of 7. Burn-in and thinning intervals were determined through the BGR and 
autocorrelation diagnostics. A sensitivity analysis was performed over posterior distributions, 
and results were compared as before with the results of previous analyses. 
Bud-scar Measurement
Model runs used to assimilate growth data simulated 10 years at Toolik Lake, Alaska, 
beginning in the summer of the year 2000 and concluding in the summer of 2011. The first 2 
years of simulation served as a burn-in period, and the following 8 years of simulation 
corresponded with the 8 years of growth data recorded in bud-scar measurements in the 
vegetation survey conducted at Toolik Lake, Alaska. Meteorological drivers were provided by 
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the North American Regional Reanalysis (NARR) on a half-hourly time step. Soil layers scaled 
geometrically from 10 cm to 12 m, and texture profiles were provided by on-site descriptions 
from the National Resource Conservation Service (NRCS). 
Initial conditions for vegetation biomass pools were derived from the same vegetation 
survey that was used to collect growth data. Plots within the survey would correspond to patches 
within ED, whereas individuals and species bins within the survey would correspond to ED 
cohorts. Code within ED was modified so that patches and cohorts could be identified in terms of 
the plots and individuals that they represented. Features within ED that would fuse similar 
patches and cohorts for purposes of optimization were deactivated in order to facilitate 
monitoring individuals that originated in the survey. 
For each cohort within a model run, modeled height was differenced at select points in 
time to derive height-based growth. Points in time were generally intended to correspond to bud-
scar formation. These points comprised the first day of each year from 2002 to 2010. The 
modeled growth that occurred between these points would be compared against the growth 
observed from 2003 to 2010 through bud-scar distances. Plant height in our vegetation survey 
was also indicative of growth that occurred over the 2011 growing season. However, growth for 
this growing season was incomplete at the time of the vegetation survey. As a result, an 
additional point on July 1st, 2011 was considered that corresponded to the time of the survey. 
Growth from this point would be compared against growth observed from the difference between 
plant height and the position of the most recent bud-scar. Log likelihoods were calculated 
assuming growth followed a normal distribution. This departed from statistical models 
constructed to analyze the bud-scar dataset (Chapter 4), which modeled log growth as a normal 
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distribution due to observed growth conceptually assuming positive, nonzero values. This 
distinction was necessary to accommodate for years and individuals in which modeled growth 
was 0. The variance of the normal distribution was defined as the mean of the squared 
differences between modeled and observed growth.
Carbon Flux Measurements
All model runs at Barrow and Atqasuk simulated 8 complete years of growth, from the 
summer of 1997 to the end of 2006. This coincided with the time frame at which NEE was 
observed at each site, in addition to a 2 year burn-in period at the start of simulation. 
Meteorological drivers were provided by the North American Carbon Program (NACP) on a 
half-hourly time step from gap-filled flux tower measurements. Soil layers scaled geometrically 
from 10 cm to 12 m, and texture profiles were provided by on-site descriptions from the National 
Resource Conservation Service (NRCS). Concentrations of soil carbon and nitrogen were 
provided in biological data from the AmeriFlux network. Initial conditions for vegetation 
biomass pools were derived from PFT-level estimates at both sites made by Walker et al. (2000), 
as part of the project on Arctic Transitions in the Land-Atmosphere System (ATLAS). Initial 
conditions for vegetation density were derived from species-level estimates at both sites made by 
Hollister et al. (unpublished) as part of the International Tundra Experiment (ITEX).
At each time step, modeled Net Ecosystem Exchange (NEE) was compared to carbon 
flux measured at the Ameriflux towers in Barrow and Atqasuk. Observations centered around the 
winter solstice were omitted to reduce the risk of assimilating faulty readings that could arise as 
the towers were left unattended in cold temperatures. Observations were omitted over the period 
starting November 1st and ending March 1st of the subsequent year. No gap filling was performed 
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over these datasets. Observed flux was modeled as a Laplace distribution, in line with findings 
from past research (Richardson & Hollinger 2005, Richardson et al. 2006). Log likelihoods at 
each time step were summed to produce a single likelihood for the entire model run. As a time-
series, this likelihood was weighted to reflect the effective sample size as determined through 
autocorrelation, 
where N is the number of timesteps and ρ is the autocorrelation coefficient. Only AR(1) was 
considered in calculating ρ. 
As with most flux measurements, the variance of observed values exhibited 
heteroskedasticity, such that observations of magnitude exhibited greater variance. To address 
this within the data model, observed flux was modeled by an exponential distribution of a 
variance term that was in turn represented by a linear function of magnitude. The intercept and 
slope of this function was determined separately for positive and negative fluxes at both sites 
using a simple linear regression over the variance and means of binned data as described by 
Richardson et al. (2006). Observed flux was divided into 80 bins of equal width and only bins of 
50 samples or more were considered for regression. 
Permafrost Calibration
Exploratory sensitivity analysis suggested that simulated soil moisture and temperature 
differed significantly from their observed values (Figures 19-22). Seasonal variability was 
generally lower than observed, and soil temperature stabilized to values above freezing 
throughout all soil layers. Permafrost was initially absent within simulations. The soil submodel 
within ED was calibrated in an attempt to address these issues. Modifications to the model 
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largely reflected changes by Schaefer et al. (2009). These included the extension of the soil 
column depth from 4.5 m to 12 m, the inclusion of a peat layer matching observed depths at the 
top of the soil column, modification to the soil physical and thermal properties of the existing 
peat soil texture class in ED, and the simulation of the effect of wind compaction and depth hoar 
on snow density.
Increasing the depth of the soil column was chosen to increase the heat capacity of the 
soil, enabling permafrost in the deepest layers of the soil column. Soil depth in past literature has 
been set to a minimum of three times the damping depth, where damping depth is the depth at 
which seasonal amplitude is 1/e times that of the topmost soil layer (Schaefer 2009). However, 
damping depth could not be determined through datasets from the Toolik long-term ecological 
research (LTER) station, as observations extended down to only 1.5 m (Shaver et al. 1998-2006), 
and we assumed a damping depth of 4 m that could be expected for permafrost soils (Schaefer 
2009). Soil layer thickness increased geometrically from 10 cm to 12 m, and the number of soil 
layers was increased from 12 to 16. The texture of the bottommost layers reflected the texture of 
the deepest soil layer observed by the NRCS. 
A peat soil layer was added to reflect observations of soil depth from NRCS, and the 
existing peat soil texture class was modified within ED to reflect soil physical properties 
observed by Hinzman et al. (1991) at the nearby Imnavait Creek watershed and adopted by 
Stieglitz et al. (1999) in a past modeling effort (Table 9). A linear regression was applied to 
values reported in Hinzman et al. to derive thermal conductivity as a function of soil moisture 
content, as it is expressed in ED (1991). Notable changes to soil texture properties included a 
doubling of soil field capacity and porosity, as well as an increase in hydraulic conductivity by 
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two orders of magnitude. 
The effects of wind compaction and depth hoar were added using an existing model of 
snow density described by Schaefer et al. (2009). Beyond threshold wind speeds of 2 m s-1, 
fractures are observed to form in snowflakes (Sato et al. 2008), which in tundra ecosystems 
increase the density of the topmost snow layer (Sturm et al. 2008). This is modeled as an offset 
to snow density, δρw, that is proportional to wind speed u past the threshold, as well as the current 
density of the topmost soil layer, ρtop past the minimum snow density possible, ρmin , modeled as 
50 kg m=3. 
 δρw = b (u-2) (ρtop - ρmin) (8)
where b is an empirical scaling constant, assigned to 3 by Schaefer et al. (2009) based on 
observations from Sato et al (2008). Below the wind speed threshold, the wind effect on density 
is 0. 
Warm air may also compound the probability of fracture formation above a given 
threshold, and so an additional density offset is introduced to the model, δρt . This effect is a 
power function of the temperature T past the threshold, suggested by observation to be -15°C 
(Judson and Doesken, 2000)
δρw = b0 (T + 15)b1 (9)
where b0 and b1 are empirical constants, again fitted by Judson and Doesken (2000). 
Together, modeled snow density is equivalent to the minimum possible density, offset by wind 
and temperature effects, such that
ρ =ρmin + δρw + δρt (10)
Depth hoar are large crystalline structures composed of ice that form at the bottom of 
thick snow columns and alter snow density. Large temperature gradients diffuse water vapor at 
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the bottom of the snow column to ice crystals above, where it condenses and builds onto the 
structures. Depth hoar may have a variable impact on snow density, depending on the biome. 
Within tundra, this process is observed to decrease density in the bottommost snow layers. We 
adopt the representation described by Schaefer et al. (2009), in which the variable number of 
snow layers represented by the ecosystem model are divided into a top and bottom class whose 
densities are stratified by a value, Δρ. Only density within the bottom class is altered by depth 
hoar. This representation of course requires we specify how the top and bottom snow classes are 
partitioned and how depth hoar specifically affects snow density. An empirical approach is 
adopted within the model. The fraction of the snow column that is allocated to the bottom layer, 
fbot, is a function of column depth D and an empirical maximum fbotmax. 
 
(11)
Where Dhalf and Dslope are the slope and half-point of the function between depth and density. 
As depth increases, the bottom fraction will remain at 0 until it approaches the half point, after 
which the bottom fraction increases to its maximum extent at a rate defined by the slope. Dhalf 
and Dslope  are in turn derived from the empirical minimum and maximum depth of the bottom 
layer, Dmin and Dmax. 
 Dhalf  = ½ (Dmax + Dmin)  (12)
Dslope = 10/(Dmax - Dmin) (13)
The difference in density itself is dependent upon the bulk density ρbulk . 
 
(14)
where ρtop, ρbottom, and ρbulkobs are observed densities at which Δρ is greatest. 
Changes to the snow physics submodel were implemented as described within ED and 
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the effects of changes were examined in terms of soil temperature and moisture content through 
simulations at Toolik Lake, Alaska. Effects were examined iteratively, first testing alterations to 
soil column depth and soil texture, then adding the effects of wind compaction and depth hoar. 
Control runs were performed using the default 4.5 m soil column using NRCS soil textures, 
excluding upper peat layers. All other settings were controlled as described in previous sections.
Results
Literature Survey
Results of the variance decomposition conducted over prior distributions indicated 
several parameters dominated variance within modeled AGB (Figure 14). Parameters within the 
evergreen PFT accounted for the largest portion of model uncertainty, including fine root 
allocation, reproductive allocation, the growth respiration factor, SLA, water conductance, and 
photosynthetic parameters. SLA accounted for a disproportionate fraction of explained variance 
within both graminoid and deciduous PFTs. This was followed by leaf and root turnover rates in 
the graminoid PFT, and fine root allocation within the deciduous PFT. This variance 
decomposition would reflect the priorities assigned to parameters within our literature survey. 
362 published statistics concerning plant physiological traits were compiled from 19 
publications on 26 species. An abundance of literature was found in each PFT that reported 
statistics on SLA, Amax and biomass estimates used to derive fine root to leaf ratios. A moderate 
number of statistics were also available on leaf turnover rates and leaf longevity. At the same 
time, available literature suggests there is a lack of research on growth respiration factor and 
water conductance in Arctic plants. Though measurements of stomatal conductance and 
assimilation were abundant, no parameters were found for the Leuning (1995) model of leaf 
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conductance as used within ED, and very little literature seems to report estimates of 
photosynthetic parameters, including Vcmax, Jmax, dark respiration rate, and the minimum 
temperature of photosynthesis. Those that did exist appeared for vegetation found outside the 
tundra, notably the graminoid, Festuca rubra. Nevertheless, some values for tundra plants were 
provided by Dynes and Moore (unpublished).  Table 10 reports counts of published statistics by 
PFT and trait. Statistics themselves may be found in Appendix B. 
Abundance of literature was reflected heavily in sensitivity analysis. Parameters for SLA, 
fine root allocation, and leaf turnover rate were heavily constrained across PFTs (Figure 14). 
These were notably among the parameters targeted by the literature survey, being responsible for 
large portions of variance in modeled output for each PFT. The greatest constraint seen over the 
meta-analysis was the deciduous fine root allocation parameter, whose CV was reduced by 95%. 
This parameter was followed by the evergreen leaf turnover rate (CV reduced by 93%), 
deciduous SLA (91%), evergreen fine root allocation (76%), graminoid leaf turnover rate (72%), 
and graminoid SLA (58%). On average, CV was reduced within traits by 76%. Results 
demonstrate that several parameters were constrained well through the literature that did not 
explain a large portion of variance in AGB. Among these parameters was evergreen leaf turnover 
rate, which was incidentally collected when attempting to constrain large uncertainties explained 
by graminoid leaf turnover rate. Of additional note was graminoid fine root allocation, which 
shared roughly the same CV as its prior. This was attributed to a shift in mean towards the lower 
end of the parameter distribution, despite its standard deviation having been reduced. Among 
parameters targeted by the survey, evergreen SLA was not as well constrained, whose CV was 
reduced by 22.7%. This was followed by Vcmax parameters across all PFTs, including those for 
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deciduous (CV reduced by 16%), graminoid (13%), and evergreen (2.6%). 
Some consistency existed in the way parameter distributions were constrained across 
PFTs. In particular, SLA within each of the three PFTs was constrained towards the lower end of 
the uniform distribution it adopted as a prior (Figure 9). The effect of this shift in terms of AGB 
differed by PFT – evergreens shifted to a narrow region of the SLA confidence interval in which 
AGB dropped rapidly to its lowest point. Meanwhile, AGB increased steadily as graminoid SLA 
decreased, and as a result the graminoid PFT shifted to a region in which AGB was elevated. 
Besides SLA, Vcmax was constrained towards values above the mean of its prior within the 
graminoid and deciduous PFTs; however this had negligible effect on modeled AGB at this stage 
of parameterization. 
Despite constraint across several parameters, overall uncertainty in AGB increased within 
the sensitivity analysis performed over updated distributions. The standard deviation of modeled 
AGB across PFTs increased from 76.7 g m-2 before the literature survey to 104.5 g m-2 afterwards 
– an increase of 26%. Increases in uncertainty occurred within each PFT; however the magnitude 
of the change differed dramatically. The standard deviation of modeled AGB within evergreens 
increased from 66.9 g m-2 to 82.1 g m-2 – a increase of 18.5%. Within graminoids, the standard 
deviation increased from 6.9 g m-2  to 15.1 g m-2, or an increase by 54.2%. Within the deciduous 
PFT, the standard deviation increased from 3.9 g m-2 to 7.3 g m-2, or an increase of 47.6%. At the 
same time, elasticities within a majority of parameters increased over the course of the literature 
survey. This was the case even within parameters whose distributions remained unchanged. It 
was further noted that AGB increased within the median runs of the sensitivity analyses, from 
207 g m-2 before the literature survey to 254 g m-2 afterwards. These findings together suggested 
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parameter space had shifted towards a region of greater sensitivity. 
Variance Decomposition
Variance decomposition suggests that several parameters contributed to model 
uncertainty more so than others, and these parameters were generally consistent across PFTs 
(Figure 14). The sensitivity analysis following the literature survey and field measurements was 
given particular attention as it considers the model in a state informed by all observed parameter 
values, without considering inferred constraint during data assimilation. Overall model 
uncertainty within this analysis was found to have a standard deviation of 62.26 g/m2. Results of 
this analysis revealed reproductive allocation was the parameter most responsible for model 
uncertainty, accounting for 23.3% of variance in model output across PFTs. This was followed 
closely by the growth respiration factor, which accounted for 18.1% of variance, and the leaf 
allometry intercept, explaining 17.5% of variance. Top ranking parameters reflected the extent to 
which the evergreen PFT dominated model output. Rankings for the top two parameters 
corresponded directly to rankings for the top two parameters within the evergreen PFT, and the 
3rd ranking parameter across all PFTs corresponded to the 4th ranking parameter within 
evergreens.
Explained variance was very much dependent on a parameter's PFT. Together, parameters 
within the evergreen PFT explained 53.1% of variance within model output. Evergreens were 
observed to comprise the majority of vegetation in the survey at Toolik Lake – this majority 
encompassed only 38% of AGB and 68% of count data. The disproportionate sensitivity towards 
evergreen parameters was attributed largely towards growth in the evergreen PFT. Modeled AGB 
in evergreens increased steadily over simulations under median parameter values. Deciduous 
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biomass exhibited steady growth to a lesser extent, while graminoid biomass gradually declined 
to negligible values (Figure 8).  These trends were also in line with sensitivity towards 
parameters within other PFTs – parameters within the deciduous PFT explained the second 
largest fraction of model output, accounting for 29.1% of variance in AGB. This was followed by 
the graminoid PFT, accounting for 17.7% of variance. 
Top ranking parameters were frequently shared among PFTs, though PFTs often differed 
in how parameters were distributed throughout rankings. In general, root turnover rate, growth 
respiration factor, SLA, reproductive allocation, and the leaf allometry intercept were found 
among the top five parameters explaining variance in two or more PFTs. Evergreens and 
graminoid shared growth respiration factor and SLA among their top five parameters. Evergreen 
and deciduous vegetation shared leaf allometry intercept and reproductive allocation, while 
graminoid and deciduous vegetation shared root turnover rate. Despite this consistency, not all 
top ranking parameters were shared among PFTs. Seed rain, for instance, explained a large 
portion of variance in graminoid biomass, yet this parameter was ranked 3rd lowest within both 
deciduous and evergreen PFTs. It is believed that seed rain may have acted as a major form of 
reproduction due to poor survivorship within the PFT. A similar case existed for seedling 
mortality, which occupied lower ranks in deciduous and evergreen PFTs. Fine root allocation was 
ranked 1st within the deciduous PFT, but was only marginally important to other PFTs. 
 Some lower ranking parameters were generally consistent across PFTs. Cuticular 
conductance, along with leaf width and the fraction of labile carbon that contributed to litter 
(“litter % labile C”), were consistently among the lowest 10 ranks for each PFT. The minimum 
temperature for plant life (“plant min temp”) also had no effect on model output across all PFTs, 
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despite having a high coefficient of variation (CV). Deciduous and evergreen PFTs shared a 
particularly large number of lower ranking parameters, including seed rain, minimum plant 
height, minimum plant temperature, and seed dispersal. 
The reasons for which parameters were able to explain portions of variance within model 
output differed by parameter and PFT.  Evergreen reproductive fraction, for instance, was the 
parameter responsible for the largest fraction of model output of any single model parameter. 
AGB decreased steadily as reproductive allocation increased, reflecting a fundamental trade off 
in ED between biomass and reproductive capacity (Figure 16). The evergreen growth respiration 
factor followed reproductive allocation, which also steadily decreased AGB as its value 
increased. This  reflected model behavior in which higher growth respiration would reduce net 
carbon assimilated by plants. Deciduous fine root allocation was ranked 3rd across all PFTs, 
which produced a spike in AGB at the lower end of its distribution.
Model ranking generally appeared to reflect elasticity more so than CV. This was 
particularly well demonstrated by the observation that low ranking parameters were consistently 
characterized by relatively low elasticities, at or below 0.15. The same could not be said for CV 
– cuticular conductance, for instance, was characterized by the highest CV second to root 
turnover rate within each PFT, though this parameter was consistently ranked among the 10 least 
sensitive parameters across PFTs. Less could be said concerning high ranking parameters – 
certain high ranking parameters could only be explained through high CV, whereas others 
appeared driven by high elasticity. Root turnover rate, for instance, was the top ranking 
parameter for the graminoid PFT and a large contributor to uncertainty within the deciduous 
PFT. Root turnover rate was characterized across PFTs by a relatively low elasticity, yet this 
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parameter exhibited the highest CVs of any parameter across PFTs. At the same time, SLA was a 
sensitive parameter within the graminoid and deciduous PFTs. SLA was characterized by a 
relatively low CV following heavy constraint from literature and field measurements; however 
the parameter held one of the highest elasticities of any within the model. 
Separate sensitivity analyses were conducted on NEE and plant height to determine 
parameters that would be constrained through data assimilation. These analyses suggested certain 
parameters explaining variance in model output were shared among output variables (Figures 12-
13). As with AGB, parameters within the evergreen PFT explained the greatest fraction of 
variance in NEE and plant height, followed by parameters in the deciduous and then graminoid 
PFT. Top five parameters within the evergreen PFT were consistent between both NEE and 
AGB, such that only order differed between the two (Figure 13). Among graminoid parameters, 
seedling mortality, the growth respiration factor, and SLA were ranked among top five 
parameters both in terms of NEE and AGB. Reproductive allocation and root turnover rate were 
shared among the top five deciduous parameters in terms of NEE and AGB. 
Parameters within the deciduous PFT went furthest in explaining variance in terms of 
plant height. This contrasts with AGB and NEE, in which variance was most explained by the 
evergreen PFT. Stem allometry intercept and reproductive allocation were shared among the top 
five deciduous parameters in terms of AGB and height. SLA and leaf allometry intercept were 
shared in terms of evergreen parameters. Within the graminoid PFT, the top four parameters 
responsible for variance were consistent between AGB and height. 
Field Measurement
Variance decomposition preformed prior to field measurement found SLA was 
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consistently among top ranking parameters for each PFT. This was serendipitously among 
parameters that permitted direct, one-time observation. Parameters within ED's photosynthesis 
and conductance sub-models generally followed, including Vcmax, quantum efficiency, and the 
dark respiration factor. Vcmax, minimum photosynthesis temperature, and stomatal slope were 
found to be within the top four parameters for the deciduous PFT, and these generally followed 
the top five parameters of other PFTs. Fine root allocation generally occupied ranks below these. 
These parameters served as the focus of the field campaign.
Field season generally constrained parameter distributions less so than the literature 
survey. In terms of percent reduction of CV, the graminoid fine root allocation parameter was 
most constrained through field measurement, resulting in a reduction of 72%. This is compared 
to reductions in CV upwards of 95% over the course of the literature survey. Average percent 
reduction within CV was 20.7%, compared to 76.4% during the literature survey. It was further 
found this reduction in CV was due in part to a shift in mean value, from ratios of 3.20 following 
the literature survey to 2.14 afterwards.  The minimum temperature of photosynthesis was 
second most constrained, experiencing a 34% reduction in CV. Its mean value decreased from 
-3.0˚C to -3.5˚C. SLA parameters within evergreen and graminoid PFTs followed, with CVs 
reduced by 25% and 26% respectively, and distributions constrained roughly around their 
medians. CVs for Vcmax ranged from 25% in graminoids to 4% in evergreens. Field measurements 
constrained Vcmax within the higher end of its distribution for both deciduous and graminoid 
PFTs, which continued the trend seen during the literature survey for these PFTs. However, CV 
for evergreen Vcmax was reduced by only 4% around its mean value. CVs for the minimum 
temperature of photosynthesis were reduced by 23% in graminoids and 6% in deciduous. Several 
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parameters constrained by field observation did not exhibit reductions to their CV, including 
deciduous and evergreen fine root allocation, as well as deciduous SLA. 
Overall uncertainty in AGB decreased as results of field measurements were applied to 
distributions. The standard deviation of modeled AGB across PFTs decreased from 104.5 g m-2 
before the literature survey to 62.3 g m-2 afterwards – a reduction by 40.4%. Reductions in 
uncertainty were generally consistent across PFT – The standard deviation of modeled AGB 
decreased from 82.1 g m-2 to 46.8 g m-2 within evergreens, and from 15.1 g m-2  to 3.2 g m-2  in 
graminoids. Standard deviation in AGB increased from 7.3 g m-2  to 12.3 g m-2 in the deciduous 
PFT. AGB decreased within the median runs of the sensitivity analyses, from 254 g m-2 before 
measurements to 213 g m-2 afterwards. As with the literature survey, elasticities changed as a 
result of incorporating field measurements. Change in elasticity appeared to mirror changes to 
model uncertainty – a majority of parameters within the graminoid and evergreen PFTs 
decreased in elasticity in line with the decrease in model uncertainty, whereas a majority of 
parameters in the deciduous PFT increased in elasticity, where model uncertainty was also 
observed to increase. 
Variance Decomposition
Variance decomposition suggests that several parameters contributed to model 
uncertainty more so than others, and these parameters were generally consistent across PFTs 
(Figure 14). The sensitivity analysis following the literature survey and field measurements was 
given particular attention as it considers the model in a state informed by all observed parameter 
values, without considering inferred constraint during data assimilation. Overall model 
uncertainty within this analysis was found to have a standard deviation of 62.26 g/m2. Results of 
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this analysis revealed reproductive allocation was the parameter most responsible for model 
uncertainty, accounting for 23.3% of variance in model output across PFTs. This was followed 
closely by the growth respiration factor, which accounted for 18.1% of variance, and the leaf 
allometry intercept, explaining 17.5% of variance. Top ranking parameters reflected the extent to 
which the evergreen PFT dominated model output. Rankings for the top two parameters 
corresponded directly to rankings for the top two parameters within the evergreen PFT, and the 
3rd ranking parameter across all PFTs corresponded to the 4th ranking parameter within 
evergreens.
Explained variance was very much dependent on a parameter's PFT. Together, parameters 
within the evergreen PFT explained 53.1% of variance within model output. Evergreens were 
observed to comprise the majority of vegetation in the survey at Toolik Lake – this majority 
encompassed only 38% of AGB and 68% of count data. The disproportionate sensitivity towards 
evergreen parameters was attributed largely towards growth in the evergreen PFT. Modeled AGB 
in evergreens increased steadily over simulations under median parameter values. Deciduous 
biomass exhibited steady growth to a lesser extent, while graminoid biomass gradually declined 
to negligible values (Figure 8).  These trends were also in line with sensitivity towards 
parameters within other PFTs – parameters within the deciduous PFT explained the second 
largest fraction of model output, accounting for 29.1% of variance in AGB. This was followed by 
the graminoid PFT, accounting for 17.7% of variance. 
Top ranking parameters were frequently shared among PFTs, though PFTs often differed 
in how parameters were distributed throughout rankings. In general, root turnover rate, growth 
respiration factor, SLA, reproductive allocation, and the leaf allometry intercept were found 
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among the top five parameters explaining variance in two or more PFTs. Evergreens and 
graminoid shared growth respiration factor and SLA among their top five parameters. Evergreen 
and deciduous vegetation shared leaf allometry intercept and reproductive allocation, while 
graminoid and deciduous vegetation shared root turnover rate. Despite this consistency, not all 
top ranking parameters were shared among PFTs. Seed rain, for instance, explained a large 
portion of variance in graminoid biomass, yet this parameter was ranked 3rd lowest within both 
deciduous and evergreen PFTs. It is believed that seed rain may have acted as a major form of 
reproduction due to poor survivorship within the PFT. A similar case existed for seedling 
mortality, which occupied lower ranks in deciduous and evergreen PFTs. Fine root allocation was 
ranked 1st within the deciduous PFT, but was only marginally important to other PFTs. 
 Some lower ranking parameters were generally consistent across PFTs. Cuticular 
conductance, along with leaf width and the fraction of labile carbon that contributed to litter 
(“litter % labile C”), were consistently among the lowest 10 ranks for each PFT. The minimum 
temperature for plant life (“plant min temp”) also had no effect on model output across all PFTs, 
despite having a high coefficient of variation (CV). Deciduous and evergreen PFTs shared a 
particularly large number of lower ranking parameters, including seed rain, minimum plant 
height, minimum plant temperature, and seed dispersal. 
The reasons for which parameters were able to explain portions of variance within model 
output differed by parameter and PFT.  Evergreen reproductive fraction, for instance, was the 
parameter responsible for the largest fraction of model output of any single model parameter. 
AGB decreased steadily as reproductive allocation increased, reflecting a fundamental trade off 
in ED between biomass and reproductive capacity (Figure 16). The evergreen growth respiration 
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factor followed reproductive allocation, which also steadily decreased AGB as its value 
increased. This  reflected model behavior in which higher growth respiration would reduce net 
carbon assimilated by plants. Deciduous fine root allocation was ranked 3rd across all PFTs, 
which produced a spike in AGB at the lower end of its distribution.
Model ranking generally appeared to reflect elasticity more so than CV. This was 
particularly well demonstrated by the observation that low ranking parameters were consistently 
characterized by relatively low elasticities, at or below 0.15. The same could not be said for CV 
– cuticular conductance, for instance, was characterized by the highest CV second to root 
turnover rate within each PFT, though this parameter was consistently ranked among the 10 least 
sensitive parameters across PFTs. Less could be said concerning high ranking parameters – 
certain high ranking parameters could only be explained through high CV, whereas others 
appeared driven by high elasticity. Root turnover rate, for instance, was the top ranking 
parameter for the graminoid PFT and a large contributor to uncertainty within the deciduous 
PFT. Root turnover rate was characterized across PFTs by a relatively low elasticity, yet this 
parameter exhibited the highest CVs of any parameter across PFTs. At the same time, SLA was a 
sensitive parameter within the graminoid and deciduous PFTs. SLA was characterized by a 
relatively low CV following heavy constraint from literature and field measurements; however 
the parameter held one of the highest elasticities of any within the model. 
Separate sensitivity analyses were conducted on NEE and plant height to determine 
parameters that would be constrained through data assimilation. These analyses suggested certain 
parameters explaining variance in model output were shared among output variables (Figures 12-
13). As with AGB, parameters within the evergreen PFT explained the greatest fraction of 
variance in NEE and plant height, followed by parameters in the deciduous and then graminoid 
PFT. Top five parameters within the evergreen PFT were consistent between both NEE and 
AGB, such that only order differed between the two (Figure 13). Among graminoid parameters, 
seedling mortality, the growth respiration factor, and SLA were ranked among top five 
parameters both in terms of NEE and AGB. Reproductive allocation and root turnover rate were 
shared among the top five deciduous parameters in terms of NEE and AGB. 
Parameters within the deciduous PFT went furthest in explaining variance in terms of 
plant height. This contrasts with AGB and NEE, in which variance was most explained by the 
evergreen PFT. Stem allometry intercept and reproductive allocation were shared among the top 
five deciduous parameters in terms of AGB and height. SLA and leaf allometry intercept were 
shared in terms of evergreen parameters. Within the graminoid PFT, the top four parameters 
responsible for variance were consistent between AGB and height. 
Data Assimilation
Data assimilation in general provided heavy constraint to all parameter distributions it 
considered, though the magnitude of constraint differed for each pass. Within the assimilation of 
growth data at Toolik, the deciduous growth respiration factor was most heavily constrained – 
CV for this parameter was reduced by 91%. This was followed by graminoid seed rain (CV 
reduced by 91%), evergreen stem allometry intercept (91%), deciduous reproductive allocation 
(88%), and deciduous stem allometry intercept (86%). The average reduction in CV was 83% 
among parameters considered for this pass. Notable shifts in mean values included the maximum 
plant height and leaf allometry intercept of evergreens, both of which shifted towards the lower 
end of their distributions. These corresponded to regions of parameter space at which AGB was 
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reduced (Figure 16). The deciduous growth respiration factor and reproductive allocation 
parameters both constrained towards the upper ends of their distributions, both of which were 
also regions at which AGB was reduced. 
Deciduous root turnover rate was the parameter most heavily constrained by the 
assimilation of carbon flux at Barrow. CV for this parameter was reduced by 84%. Following this 
closely was graminoid seedling mortality (CV reduced by 83%), graminoid % labile C (82%), 
evergreen growth respiration factor (81), and deciduous Vcmax (80%).  Mean reduction in CV 
among parameters considered was 78%. Beyond shifts in graminoid stomatal slope, graminoid 
water conductance was constrained towards its minimum theoretical bound of 0, and deciduous 
seedling mortality was constrained towards greater survivorship. Notable shifts occurred within 
graminoid parameters generally towards regions of decreased AGB. Among these shifts were an 
increase in seedling mortality, a decrease in Vcmax, and a decrease in SLA. 
Assimilation of carbon flux at the Atqasuk site did not seem to constrain posterior 
distributions substantially. Among parameters considered, the mean reduction exhibited in CV 
was only 7.3%. Constraint through assimilation here was predominantly through graminoid 
parameters. Most constrained in assimilation at Atqasuk was graminoid seedling mortality, 
whose CV in fact increased by 25.7% on account of a shift in it's distribution's mean towards a 
lower value. This would shift parameter space towards a region of lower AGB, and would build 
upon a similar shift in distribution that occurred during assimilation at Barrow. This was 
followed by graminoid SLA (CV reduced by 14.7%), Vcmax (13.1%), and the growth respiration 
factor (10.8%). 
Most constrained across all stages of assimilation was the deciduous growth respiration 
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factor, whose CV was reduced by 98%. This parameter was followed closely by evergreen Vcmax, 
graminoid seedling mortality, graminoid stomatal slope, and graminoid Vcmax, each of which 
exhibited reduction in CV of more than 90%. The smallest reduction in CV occurred within 
graminoid root turnover rate, whose CV exhibited a reduction of 64%. Average reduction in CV 
was 29.7%. Across all stages of parameterization, model uncertainty was constrained more so 
through data assimilation than through any other stage. Over the course of all three passes of data 
assimilation, standard deviation within model output decreased from 62.3 g m-2  to only 30 g m-2, 
a reduction by 52%. This is compared to a reduction of 40.4% over the course of field 
measurements, and an increase of 26% over the course of the literature survey. Uncertainty 
differed by PFT – evergreens exhibited the largest reduction in uncertainty, such that standard 
deviation over the sensitivity analysis decreased 74%, from 46 m-2 to 11 g m-2. This was followed 
by graminoids, decreasing by only 4.4% from 3.2 m-2 to 3.0 g m-2.  The deciduous PFT increased 
in its contribution towards uncertainty by 23%, from 12.3 m-2 to 15.0 g m-2.  Overall, AGB within 
median runs was reduced in the sensitivity analysis following data assimilation, from 213 g m-2 in 
the previous analysis to 192 g m-2 following data assimilation. NEE was also greatly reduced, as 
determined through ensembles of 100 model runs conducted before and after assimilation in the 
same manner as described for sensitivity analysis ().
Soil Model Calibration
Summer soil temperatures approached observed values following the extension of the soil 
column and addition of the peat soil layer (Figures 19-21). However, summer soil temperatures 
remained higher than observed by the end of simulation. This was particularly the case within the 
topmost soil layer  (Figure 19). At a depth of 150 cm – the lowest soil depth observed at Toolik – 
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summer soil temperatures following modification to the soil column were held at zero until the 
last few years of simulation, after which they reflected observed values closely (Figure 20). This 
was opposed to the simulation over the default soil column, which remained above observations 
for several years following burn-in.  Within the bottommost layer of soil, soils remained 
relatively constant throughout the year, and it was clear that modifications made to the soil 
column altered the temperature at which soil temperature would stabilize to. Temperatures in the 
bottom soil layer stabilized to 0.01˚C within the default soil column, and -2.48˚C within the 
modified soil column (Figure 22). This indicated the model was at least capable of simulating 
permafrost. Changes to the soil column had no discernible effect upon winter soil temperature. 
Modifications to the calculation of snow density had negligible effect upon soil in terms of both 
summer and winter temperature. Within the bottommost soil layer, stabilized soil temperature 
decreased from -2.48˚C to -2.65˚C.
Water content within the topmost soil layer also reflected the effects of a stratified soil 
column. At this layer, volumetric water content under the default soil column ranged between 
18.1% and 45% (Figure 22). Following modifications, this range increased to between 17.8% 
and 85%. Changes to upper bounds were the most noticeable consequence, which reflected 
changes made to porosity within the peat soil texture class. Ranges under the modified soil 
column were a closer fit to ranges observed in the summers of 2004 and 2009 at Toolik Lake, 
which varied between 9.7% and 72.5%. Water content under the effects of simulated depth hoar 
and wind compaction were identical to those within runs where these effects were omitted.
Modeled summer soil temperatures generally increased throughout the period of 
simulation, and within the top soil layer this resulted in temperatures at the end of simulation that 
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were above observed (Figure 19). At the same time, temperatures that resulted from this increase 
in later years appeared to approach observed values on account of modeled zero curtains in 
earlier years. Modeled soil temperatures at a depth of 150 cm indicated a zero curtain throughout 
the course of several years following burn-in. Zero curtains occur within the model, as with 
reality, when state changes in soil water release or absorb latent heat. When ice thaws within soil, 
latent heat is absorbed, and this cools the soil to a point such that soil temperatures remain 
constant at the melting point for some time. The reverse happens when ice forms – latent heat is 
released, and soils are warmed to produce a similar period at which temperatures remain at the 
melting point. At the maximum depth observed, zero curtains were observed to occur as soils 
froze in the winters of several years, including 2001, 2005, and 2008.  However, none of these 
events occurred over the course of years, as was observed within the model. Towards the end of 
simulations on modified soil columns, soils warmed to an extent where zero curtains were no 
longer simulated over long periods of time, and soil temperatures approached observed values. 
However, zero curtains were still present during winters. Though summer soil temperatures 
increased throughout simulations, simulated winter soil temperatures were observed to increase, 
as well. Within the topmost soil layer of each run, winter soil temperatures were observed to be 
highest in the last 3 years of simulation.
Discussion
Here, we have made the first attempt to parameterize the Ecosystem Demography model 
for use in predicting carbon balance and plant composition within Arctic tundra. This was done 
in a manner that accounts for uncertainty within each parameter considered, using established 
statistical techniques under a Bayesian framework. This distinguishes our study from past 
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modeling efforts relying upon point estimates for the purpose of parameterization. Sensitivity 
analyses were able to provide us with targets for parameterization, and pursuing the constraint of 
these targeted parameters resulted in a reduction of model uncertainty over most stages of 
parameterization. In particular, we make the first attempt to conduct a field campaign with the 
express purpose of constraining uncertainty within our model. Sensitivity analysis following the 
field campaign suggested model uncertainty was reduced through this effort, as intended. 
Sensitivity analyses provided us a way to analyze the efficacy of each stage of 
parameterization, and we found through this that each stage differed by its ability to constrain 
model uncertainty. Sensitivity analyses conducted over several output variables – AGB, NEE, 
and plant height – suggested there was some consistency in the parameters that were able to 
explain uncertainty across these outputs. In addition, our sensitivity analyses were conducted 
over parameters within three PFTs, and we found sensitivity among parameters varied by PFT, 
with evergreen parameters accounting for a great deal of model uncertainty, generally followed 
by parameters within the graminoid and deciduous PFTs. A sensitivity analysis was conducted 
following parameterization from both a literature survey and field campaign. Results of this 
analysis may be able to guide researchers in the future when organizing field studies. Lastly, 
within our study we replicated changes made by Schaefer et al. (2009) within the Ecosystem 
Demography model. Changes to soil column depth and stratification were observed to have an 
effect upon soil dynamics that was necessary for the simulation of permafrost; however effects 
upon snow density were found to produce negligible change.
Variance Decomposition
The variance decomposition following the literature survey and field campaign provided 
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us with a list of traits explaining model uncertainty that could be of particular interest to data 
managers working within tundra ecosystems to aid models similar to ED. Reproductive 
allocation and the growth respiration factor explained the largest portion of model uncertainty of 
any parameter across PFTs, both in terms of NEE and AGB. The growth respiration factor was 
additionally the 4th parameter most responsible for uncertainty in modeled plant height. 
The role of reproductive allocation in tundra may be noteworthy in the context that tundra 
ecosystems are commonly characterized by clonal reproduction (Bliss et al. 1971; Billings & 
Mooney 1968 ). Having been developed for temperate and tropical ecosystems, it is possible that 
assumptions exist within ED that relate reproductive allocation specifically to sexual 
reproduction, which in turn would have consequences in terms of model behavior. As an 
example, differences are known to exist in alpine tundra between the frequency at which seed 
germinates and the frequency at which clones establish, such that clonal establishment occurs at 
a higher success rate (Weppler et al. 2006). However, no parameter thus far has been considered 
that is able to express this distinction. This could have potential implications related to 
establishment as well as the likelihood surface generated with reproductive allocation. 
Nevertheless, past research has set precedence for reproductive allocation to be among top 
ranking parameters within ED (LeBauer et al. 2012). The scope of the reproductive allocation 
parameter goes beyond seedling establishment, as it also determines the storage biomass that is 
allocated yearly towards reproduction. This in turn determines the storage biomass that is 
available for other activities, among which is spring leaf flush in deciduous plants. 
The large portion of uncertainty explained by growth respiration matches the findings of 
past variance decompositions performed within ED on agricultural ecosystems (LeBauer et al. 
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2012, Wang et al. in prep). It is suspected that the growth respiration factor is able to explain 
model uncertainty on account of its close relation to the amount of carbon that is assimilated 
within a plant. The growth respiration factor is used within ED as a coefficient mapping 
photosynthesis to a component of respiration. This is contrasted with the other components of 
respiration, which are proportional to one of several pools of biomass, consisting of leaf, root, 
and storage biomass . No direct measure of the growth respiration factor exists, as estimation of 
the parameter requires growth respiration be decoupled from other processes known to influence 
respiration. Several methods have been used to derive this parameter, of which no prevailing 
method has emerged (Amthor 2000). Measurement of the growth respiration factor remains a 
nontrivial task, and for this reason, we did not consider it among the plant traits measured in our 
field campaign. This may also explain the scarcity of literature on this trait among species within 
Arctic tundra - despite high sensitivity towards growth respiration, no literature was found during 
our survey that could describe growth respiration within tundra plants. Nevertheless, the effort 
may prove fruitful if the parameter continues to explain a large portion of uncertainty within ED 
and similar ecosystem models. 
It may also be useful for data managers to understand parameters that were not found to 
explain model uncertainty within ED. Cuticular conductance, litter % labile C, and the minimum 
temperature for plants were consistently among parameters least responsible for model 
uncertainty. Were these model uncertainties to transfer to the real world, this could allow data 
managers to focus efforts on plant traits known to have a large effect on variables of interest. 
However, to dismiss a plant trait as unimportant in planning a field study should require 
consistent findings from many sensitivity analyses over many models, coupled perhaps with the 
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results of real world experiments.
Correspondence between high ranking parameters across output variables – AGB, NEE, 
and plant height – may be useful in gaging the overall footprint of parameters within a model, or 
in estimating how well explained uncertainty transfers between types of model output. 
Inconsistencies in parameter sensitivities between output variables may also provide insight in 
system behavior – deciduous height allometry parameters, for instance, explained large portions 
of model uncertainty when model uncertainty was measured in terms of plant height. However, 
height allometry parameters within the evergreen PFT did not explain uncertainty to this degree. 
This could perhaps suggest that evergreen height is limited by factors other than those set by 
allometric relationships. 
Conducting our sensitivity analyses in parameters across three PFTs allowed us to see 
disproportionate contributions to model uncertainty within each PFT. Evergreen parameters were 
ranked consistently among parameters most responsible for model uncertainty. This was 
attributed to the steady growth that occurred in evergreen biomass throughout simulations, 
whereas whereas graminoid biomass would diminish or remain steady. This was seen as 
problematic, as simulations began with evergreen biomass already at realistic values taken from 
our vegetation survey. In response to this, our first pass of data assimilation was conducted 
against height-based growth as observed from bud-scar measurements within our vegetation 
survey. It is worth noting that several shifts in mean values among evergreens corresponded to 
regions at which AGB was reduced, including downward shifts in SLA and leaf allometry 
intercept. AGB within evergreens was reduced as a result, though evergreen parameters remained 
able to explain a large portion of model uncertainty. 
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Parameterization
Variance decompositions corresponding to each stage of parameterization revealed 
different data sources had different effects upon model uncertainty. Constraining prior 
distributions through a literature survey increased model uncertainty due likely to shifts in 
parameter space. This was particularly evidenced by the increase in AGB within the median runs 
of the sensitivity analysis and changes in elasticity among parameters, in general. This was the 
only stage of parameterization in which overall model uncertainty increased. Nevertheless, CVs 
within parameters collected within the literature survey were reduced more so by literature 
survey than through any other stage of parameterization. As prior distributions were intended to 
be relatively disperse, it is reasoned the parameter space was initialized around a region that was 
inimical to plants, particularly for the high-stress environment that could be expected within 
tundra. The initial literature survey would have directed parameter space towards a region where 
plants were more likely to survive, causing uncertainty in parameters requiring plant viability to 
produce greater uncertainty within AGB. 
Among the stages of parameterization that resulted in a reduction of model uncertainty, 
field measurements exhibited the smallest percent reduction, or 40.4%. The combined effects of 
three passes of data assimilation produced the largest percent reduction in model uncertainty of 
any stage of parameterization, or 52%. These findings together confirmed the null hypothesis 
that stated constraint by each stage of parameterization would at least be on the same order of 
magnitude. In addition, we supported our hypothesis that data assimilation would produce the 
greatest reduction in model uncertainty in its ability to constrain parameters that could not be 
constrained through direct observation. The parameter most constrained throughout data 
assimilation was in fact the growth respiration factor for graminoids, which exemplified a 
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parameter that could not be constrained through direct observation and was not found within our 
literature survey. However, it should be noted that not all data sources considered within 
assimilation resulted in a similar degree of parameter constraint. The assimilation of growth data 
reduced CV within parameters by an average of 83% – the largest of any data source that was 
assimilated against. The assimilation of carbon flux at Barrow reduced CVs by an average of 
78%. However, this figure was only 7% in the companion data set at Atqasuk. It is possible that 
prior distributions considered for Atqasuk were already well constrained from the previous 
assimilation at Barrow. It is possible that model sensitivities at Atqasuk did not reflect those at 
Toolik Lake, where the analyses were performed. It was reasoned that sensitivity analysis could 
be used to determine the parameters that would constrain the most through data assimilation. 
However, reliance upon data assimilation is not guaranteed to constrain parameters, particularly 
in situations where the parameters have little effect upon the output used to calculate likelihood.
It should be noted that the nature of the statistics we used sometimes hindered the ability 
to interpret the extent of parameter constraint throughout each stage of parameterization. CV was 
not a perfect metric by which to judge parameter constraint, as shifts in the mean value towards 
the lower end of a distribution would inflate CV and vice versa in upward shifts. Neither was 
considering model uncertainty by standard deviation without flaw. Over the course of the 
literature survey, parameter space shifted towards a region of reduced AGB, and this is also 
believed to have moved the model towards a region of reduced elasticity. This was believed to be 
the cause of an overall increase in model uncertainty throughout the literature survey despite 
strong constraint in terms of CV. It should also be noted that issues in the model may have also 
contributed to the course of parameterization. Evergreen and deciduous vegetation grew steadily 
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throughout simulations to points well beyond initial conditions. As a result, parameters within 
the evergreen PFT explained large portions of modeled uncertainty within AGB. This could have 
in turn skewed priorities for parameter constraint towards parameters that were exclusively 
sensitive within the evergreen PFT. 
Soil Model Calibration
ED was able to simulate permafrost following changes made to the soil column, and 
summer soil temperatures approached their observed values. The switch to a modified peat soil 
texture also resulted in the range of modeled soil water content to approach the range of values 
observed. Nevertheless, changes to snow density produced little effect. Snow density was 
believed to have predominantly influenced winter soil temperatures. The simulation of wind 
compaction, for instance, was expected to reduce the density of the topmost layer of snow. 
Reduced density would have increased the thermal conductivity of snow, and this would have 
increased exposure of soils to colder air during winter months when snow would accumulate. 
However, little change was observed over soil temperature over either season after applying 
density effects upon snow. As a result, winter soil temperatures remained above observed values.
Conclusions
We have attempted to parameterize the Ecosystem Demography model for use in 
predicting carbon balance and plant composition within Arctic tundra through a series of data 
sources, including a literature survey, field measurements, and three datasets used within data 
assimilation. Datasets considered for assimilation included height-based growth observed at 
Toolik Lake, Alaska, and carbon flux observed at Barrow and Atqasuk. Parameters to be 
constrained by each data source were chosen based upon a sensitivity analysis over an output 
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variable relevant to that data source. 
Reproductive allocation, growth respiration, and the leaf allometry intercept explained the 
largest fraction of model uncertainty across all PFTs, as determined in a sensitivity analysis in 
terms of AGB that followed the literature survey and field measurement. These parameters also 
explained a large fraction of model uncertainty in terms of both plant height and NEE. Cuticular 
conductance, leaf width, litter % labile C, and the minimum temperature for plants were 
consistently among parameters least responsible for model uncertainty. Parameters within the 
evergreen PFT were ranked consistently among parameters most responsible for model 
uncertainty, followed by parameters within the deciduous PFT and then the graminoid PFT. This 
was attributed to the observation that evergreen biomass increased steadily throughout 
simulations whereas modeled graminoid biomass would gradually diminish. 
Each data source differed in its ability to constrain model uncertainty. The literature 
survey resulted in the greatest constraint by parameter CV, which were reduced on average by 
76.4%. This was followed by data assimilation (29.7%). Among assimilated data sets, height-
based growth was most effective, reducing CVs on average by 57%. This was followed by 
carbon flux at Barrow (47%), and Atqasuk (6%). Field measurement was least effective, 
reducing CVs on average by 20.7%. 
ED was able to simulate permafrost following changes made to the soil column, and 
summer soil temperatures approached their observed values. The switch to a modified peat soil 
texture also resulted in the range of modeled soil water content to approach the range of values 
observed. However, changes to snow density produced little effect upon soil temperature. Snow 
density was believed to have predominantly influenced winter soil temperatures. 
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Figure 5: Sites at which data was used to constrain model parameters through data assimilation and a field campaign.
Graminoid Deciduous Evergreen
Anthoxanthum monticola Arctostaphylos alpina Artemisia arctica 
Arctagrostis latifolia Arctostaphylos rubra Artemisia globularia
Calamagrostis canadensis Arctostaphylos uva-ursi Artemisia glomerata 
Calamagrostis  
purpurascens Betula glandulosa Andromeda polifolia
Carex albonigra Betula nana Cassiope tetragona 
Carex aquatilis Poligonum bistorti Diapensia lapponica
Carex arcta Pedicularis lapponica Dryas drummondii
Carex arctata Rubus chamaemorus Dryas integrifolia
Carex arctiformis Salix alaxensis Dryas octopetala
Carex atrata Salix arbusculoides Empetrum nigrum 
Carex atrofusca Salix arctica Empetrum hermaphroditum
Carex atrosquama Salix arctophila Ledum groenlandicum
Carex bicolor Salix athabascensis Ledum palustre 
Carex bigelowii Salix barclayi Vaccinium uliginosum 
Carex capillaris Salix candida Vaccinium vitis-idaea
Carex capitata Salix chamissonis 
Carex chordorrhiza Salix commutata 
Carex concinna Salix fuscescens
Carex garberi Salix glauca
Carex glacialis Salix herbacea
Carex glareosa Salix niphoclada
Carex gynocrates Salix ovalifolia
Carex macrochaeta Salix phlebophylla
Carex maritima Salix planifolia
Carex membranacea Salix Polaris 
Carex microchaeta Salix pulchra 
Carex microglochin Salix reticulata
Carex misandra Salix rotundifolia
Eriophorum angustifolium Stellaria longipes
Eriophorum vaginatum
Festuca rubra
Poa arctica 
Saxifraga adscendens
Saxifraga aleutica
Saxifraga bronchialis 
Saxifraga caespitosa
Saxifraga nivalis 
Saxifraga oppositifolia 
Table 2: Species represented by each plant functional type within the model.
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Figure 6: An outline of analyses conducted to constrain parameters within the 
Ecosystem Demography model. Analyses include a literature survey (blue), a 
field campaign (green), and 3 passes of data assimilation (red). Numbers indicate 
the sequence of analyses.
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Table 3: Settings to prior distributions for each parameter and PFT
PFT Trait Distribution Parameter a Parameter b
Growth Respiration Factor Beta 4.06 7.2
Leaf turnover rate Gamma 2.9 0.63
Mortality Rate Gamma 1.47 0.06
Water Conductance Log Normal -6.2 0.4
Evergreen Growth Respiration Factor Beta 4.06 7.2
Leaf turnover rate Gamma 0.4 1
Mortality Rate Gamma 5 80
Seed dispersal Beta 1.1 1.5
Water Conductance Log Normal -5.4 0.4
Deciduous Growth Respiration Beta 2.63 6.52
Mortality Rate Uniform 5 80
Seed dispersal Beta 1.1 1.5
Water Conductance Log Normal -5.4 0.4
All Log Normal 8.4 0.9
Dark respiration factor Log Normal -3.9 0.4
Fine root allocation Log Normal 0.81 0.84
leaf width Uniform 0.1 50
Litter % Labile C Beta 1.5 1.5
Min. photosynthesis temperature Normal -3 2
Minimum plant temperature Uniform -100 0.5
Quantum efficiency Weibull 8.32 0.06
Reproductive allocation Beta 2 4
Root Respiration Gamma 4.95 0.76
Seedling Mortality Beta 3.61 0.43
SLA Uniform 1 100
Uniform 2 16
Vcmax Weibull 3.55 24.7
Graminoid 
Cuticular Conductance
Stomatal slope
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Figure 7: Sites at which plots were selected near Toolik Lake, Alaska.
Vegetation class Number of plots
Moist acidic 2
Moist non-acidic 3
Dry acidic 4
Riparian 4
Shrub 2
Barren 1
Table 4: Distribution of plots by vegetation classification
PFT Species Replicates
Deciduous Arctostaphylos alpina 2
Betula nana 2
Polygonum bistorti 1
Rubus chamaemorus 1
Salix spp. 3
Evergreen Andromeda polifolia 1
Cassiope tetragona 1
Dryas integrifolia 1
Empetrum nigrum 2
Ledum palustre 2
Vaccinium vitis-idaea 2
Graminoid Carex spp. 1
Eriophorum vaginatum 1
Table 5: Species and replicates chosen to examine photosynthesis response curves in tundra 
plants.
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Model Parameter Distribution Parameter a Parameter b
Diameter-height r Normal 1 cm 0.5 cm
b1 Normal 2.21 m 2.13 m
b2 Log-Normal -3.04 0.19
ε Gamma 0.1 0.1
Diameter-leaf mass b1 Log-Normal -3.67 4.7
b2 Normal 1.55 0.34
ε Gamma 0.1 0.1
Diameter-stem mass b1 Log-Normal -2.09 7.06
b2 Normal 2.38 0.27
ε Gamma 0.1 0.1
Diameter-crown area b1 Log-Normal 0.9 9
b2 Normal 0.8 0.8
ε Gamma 0.1 0.1
Graminoid Diameter-leaf mass b1 Log-Normal -2.5 7.06
b2 Log-Normal 1.49 0.37
ε Gamma 0.1 0.1
Table 6: Prior distributions used within statistical analysis of allometric measurements.
Parameter Distribution Parameter a Parameter b
Quantum yield Normal 0.06 0.01
Vcmax Log-Normal 4.69 0.57
Jmax Log-Normal 5.37 0.40
Leaf respiration Log-Normal 2.11 1.15
CO2 compensation point Normal 48.38 ppm 7.33 ppm
Min. photosynthesis temperature Normal -3.5 2
Error Gamma 0.1 0.1
Table 7: Prior distributions used within statistical analysis of photosynthetic response curves.
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Growth NEE
Graminoid Seedling mortality Seedling mortality
Root turnover rate Growth respiration
Seed rain Vcmax
Minimum plant height Reproductive allocation
Growth respiration % Litter Labile C
Evergreen Stem allometry intercept Growth respiration
Height allometry exponent Leaf allometry intercept
SLA SLA
Max. plant height Vcmax
Leaf allometry intercept Reproductive allocation
Deciduous Height allometry exponent Growth respiration
Stem allometry intercept Vcmax
Height allometry exponent Stomatal Slope
Growth respiration Reproductive allocation
Reproductive allocation Root turnover rate
Table 8: Parameters considered for each PFT during data assimilation
Parameter ED Default Adopted Value Source
Porosity 0.46 0.85 Stieglitz et al. 1999
Residual Moisture Content 0.17 0.1 Stieglitz et al. 1999
Wilting Point 0.19 0.13 Ryden et al. 1980
Hydraulic Conductivity 2.35E-006 1.94E-004 Hinzman et al. 1991
Thermal Conductivity, 
intercept
0.06 0.06 Derived through 
Hinzman et al. 1991
Thermal Conductivity, 
slope 
0.46 0.55 Derived through 
Hinzman et al. 1991
Field Capacity 0.28 0.65 Hinzman et al. 1991
Table 9: Physical properties of the peat soil classification within ED that were modified for use 
within tundra ecosystems
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Trait Graminoid Deciduous Evergreen
Vcmax 2 1
Amax 32 27 1
Dark Respiration Rate 1 3
Stomatal Conductance 20 6
SLA/LMA 34 61 41
Fine root:leaf 13 6 4
Leaf Turnover/Longevity 4 8
Table 10: Counts of published statistics found by PFT and trait
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Figure 8: Aboveground biomass by plant functional type within a model run 
conducted on median parameter values following constraint by literature and 
field measurement.
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Figure 9: Prior (dotted) and posterior distributions following a literature survey (grey) and field campaign (black).on all distributions 
that were constrained
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Figure 10: Prior (grey) and posterior distributions over an assimilation of height-based growth data observed at Toolik Lake, Alaska
102
Figure 11: Prior (grey) and posterior distributions across two passes of data assimilation, conducted at Barrow (dotted) and Atqasuk 
(black)
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Figure 12: Variance 
decomposition of 
parameters within 3 
PFTs from a sensitivity 
analysis conducted on 
height at Toolik Lake, 
Alaska. Analysis was 
conducted over 
parameters distributions 
constrained by a 
literature survey and 
field campaign.
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Figure 13: Variance 
decomposition of 
parameters within 3 
PFTs from a sensitivity 
analysis conducted on 
NEE at Toolik Lake, 
Alaska. Analysis was 
conducted over 
parameters distributions 
constrained by a 
literature survey and 
field campaign.
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Figure 14: Variance 
decomposition of 
parameters within 3 
PFTs from a sensitivity 
analyses conducted on 
AGB at Toolik Lake, 
Alaska.  Analyses were 
conducted over 
parameters 
distributions iteratively 
constrained by a 
literature survey, field 
campaign, and 3 passes 
of data assimilation.
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Figure 15: Aboveground biomass vs. parameters within the graminoid PFT in a sensitivity 
analysis over distributions constrained by a literature survey and field measurements.
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Figure 16: Aboveground biomass vs. parameters within the evergreen PFT in a sensitivity 
analysis over distributions constrained by a literature survey and field measurements.
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Figure 17: Aboveground biomass vs. parameters within the deciduous PFT in a sensitivity 
analysis over distributions constrained by a literature survey and field measurements.
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Figure 18: 95% credible intervals of net ecosystem exchange from two ensembles conducted at Toolik Lake. The first ensemble 
(green) was conducted over prior distributions informed only by literature and field measurements. The second ensemble (red) was 
conducted over posterior distributions constrained over 3 passes of data assimilation. Observations (black) were taken from unburned 
tundra in the same NARR grid cell along the Anaktuvuk River region.
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Figure 19: Observed (blue) and simulated soil temperature in the topmost layer of soil 
simulated by ED. A simulation employing ED's default soil configuration (black) was 
compared against a simulation with a deeper, stratified soil column with a modified 
peat soil texture reflecting observed values (red), as well as a simulation featuring the 
same features but additionally simulating the effects of wind compaction and depth 
hoar on snow density.
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Figure 20: Observed (blue) and simulated soil temperature at a depth of 150cm, or the 
lowest depth observed. A simulation employing ED's default soil configuration (black) 
was compared against a simulation with observed soil physical properties (red), as well 
as a simulation featuring the same features but additionally simulating the effects of 
wind compaction and depth hoar on snow density.
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Figure 21: Soil temperatures in the bottommost soil layers of several simulations. A 
simulation employing ED's default soil configuration (black) was compared against a 
simulation with observed soil physical properties (red), as well as a simulation featuring 
adding the effects of wind compaction and depth hoar on snow density (green). Mean 
annual air temperature is shown in blue.
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Figure 22: Simulated soil water content in the topmost soil layer using ED's default soil 
configuration (black), and altered soil properties (red). Observed data points shown in 
blue, and years of observation are shown in detail. No change was observed upon 
applying the effects of wind compaction and depth hoar on snow density. 
Chapter 4: Meteorological Effects on Height-Based Growth in an 
Alaskan Tundra Ecosystem
Introduction
Arctic tundra ecosystems face disproportionate changes in climate relative to the rest of 
the world. Since the 1970s, Arctic air temperatures have increased at a rate roughly twice the 
global average (IPCC 2007; McBean et al. 2005; Hartmann & Wendler 2003). Such a change is 
particularly relevant to Arctic tundra ecosystems, where vegetation is typically stunted by factors 
driven by temperature, including growing degree days and active layer depth (Bliss et al. 1981). 
The nature of Arctic tundra ecosystems suggests that not only is change disproportionate, but the 
sensitivity to the change is likely to be disproportionate. Results of both modeling efforts 
(Kattsov & Walsh 2000) and regional observation (Serreze et al. 2000; Serreze et al. 2003) also 
suggest that precipitation has overall increased within the Arctic since the start of the 20th 
century, increasing during winter months and decreasing in summer months. These changes 
occur in an ecosystem characterized by low precipitation (Bliss et al. 1981). 
Recent interest has emerged in studying the effects of observed changes to climate upon 
vegetation within Arctic tundra ecosystems (Chapter 1). It is suspected that increased 
temperatures would stimulate growth in existing vegetation, and foster the invasion of woody 
shrub vegetation (Chapin et al. 1995; Epstein et al. 2000). Some research suggests such changes 
have already come to pass (Tape et al. 2006; Stow et al. 2004; Sturm et al. 2001). Feedbacks 
have also been suggested as a consequence of increased shrub vegetation. As one example, the 
invasion of combustible shrub vegetation combined with drier summer months may increase the 
frequency of tundra fire, which could in turn have its own effects upon tundra ecosystems 
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(Higuera et al. 2008; Hu et al. 2010). At the same time, increased precipitation during winter 
months could deliver more water to certain vegetation classes following spring snow melt, which 
may further promote the growth of vegetation. 
As part of a larger project parameterizing a terrestrial biosphere model meant to study the 
effects of fire (Chapter 3), we collected a set of bud-scar measurements from individual plants 
during the 2011 growing season within a series of 16 plots near the Arctic Long Term Ecological 
Research (LTER) Station at Toolik Lake, Alaska. These measurements enable the study of factors 
believed to be responsible for the inter-annual variability in the height-based growth rate of 
tundra vegetation. We construct a series of Bayesian statistical models to estimate height based 
growth rate in each year recorded within tundra vegetation. 
As part of our study, we would investigate whether year based effects are important in 
predicting growth of tundra vegetation, and whether growth rates have increased throughout the 
available record. We hypothesized that average growth rates increase over time, in line with the 
body of evidence that suggests recent changes to Arctic climate has already had a measurable 
impact upon tundra vegetation (Tape et al. 2006; Stow et al. 2004; Sturm et al. 2001). Due to 
observed changes in Arctic precipitation and temperature, we investigate whether meteorological 
drivers including precipitation, temperature, and evaporation are important predictors of annual 
growth rates. We hypothesize that log-linear relationships exist between both meteorological 
variables and growth rate. To constrain effects attributable to year, we construct variants of the 
model that consider the effects of plot, individual, species, and PFT, as well as a hierarchical 
model that considers individual effects as a product of species-level and PFT-level effects. We 
hypothesize each of these effects will serve as an important predictor of individual growth rates. 
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Methods
Site Description
All plots were located 1.35 km to 2.6 km south of the Arctic Long Term Ecological 
Research (LTER) Station at Toolik Lake, Alaska, located in the Upper Kuparuk region on the 
North Slope of the Brooks Range (68º38'N, 149º34'W). The station itself is located within Moist 
nonacidic tundra 1.2 km from the Dalton Highway, and 4 km from the Alaskan oil pipeline. 
Mean summer temperature is 9.3ºC and mean annual precipitation is 180 mm (Mack et al. 2004). 
The length of the growing season ranges from 80 to 100 days (Johnson et al. 1996). Soils are 
described as histic pergelic cryaquept (Mack et al. 2004), and were observed to consist of an 
organic horizon down to depths of 9 cm, followed by clay mineral soils through the remainder of 
the active layer. Active layer depths were observed between 8 and 37 cm. Elevation varied from 
776 m to 948 m among plots. 
Measurements
Six sites were chosen near Toolik Lake and the Dalton Highway, each representing a 
unique vegetation class. Vegetation classes included moist acidic, moist nonacidic, dry acidic, 
riparian, shrub, and near barren ground cover. One to four plots measuring 0.25 m x 0.25 m were 
selected at random locations within each site. The number of plots at each site was determined by 
prevalence on the landscape and logistical constraints, with 16 plots surveyed in total. Height 
was recorded for each individual in a plot, and for each non-graminoid individual, bud-scar 
measurements were recorded for as many years as could be identified. A total of 631 individuals 
were measured, of which 559 were non-graminoid. Up to eight bud-scars were recorded for each 
single individual, with an average of 1.8 bud-scars per individual. Vegetation within tundra is 
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often characterized as having a long life span (Eriksen et al. 1993), and as a result it is suspected 
that many earlier bud-scars existed that could not be identified. 
Statistical Analysis
Bud scars recorded the height of a plant at the end of the growing season in chronological 
order, and we assumed the effect of missing or false bud-scars was negligible. As a result, the 
difference between bud-scars is representative of height-based annual growth. A simple model 
could represent observed distances between bud-scars as randomly distributed around the true 
annual growth by an error term, ε. Both observed and true growth must always be a positive 
value, and so we model growth rate on a log scale. 
 log(g) = μ0 + ε (15)
where g is the annual height-based growth rate, and μ0 is true mean growth with prior μ0 ~ N(0,  
0.001). ε is observation error, with prior ε ~ N(0, σε) where σε = IG(0.01, 0.01). 
We compared the first order model to a series of models of increasing complexity and 
judged model fit in terms of the Deviance Information Criterion (DIC). DIC is a metric used to 
evaluate the suitability of a statistical model based upon both its complexity and its ability to 
explain data. Complexity is measured in terms of the effective number of parameters, and model 
fit is measured in terms of mean deviance. Lower scores indicate better suited models. Among 
the models we considered, we applied a simple log-log linear regression on observed log growth 
as a function of height recorded by the previous year's bud-scar. A log-log linear regression 
model was determined as the best fit through exploratory analysis. Provided the regression was 
an appropriate fit, we would incorporate a fixed effect on growth as a log-log linear function of 
this height estimate, 
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 log(gt) = μ0 + βh log(ht-1) + ε (16)
where ht-1 is the height recorded for the previous year, βh , with prior βh  ~ N(0, σβh) is its relation 
to growth, and t is the time in years. 
Additional models were evaluated that considered a random plot-level effect, αp, αp ~ 
N(0, σp), as well as a random vegetation class effect, αv ~ N(0, 0.01), and an individual effect, αi  
~ N(0, 0.01).
log(g) = μ0 + αp + ε (17)
log(g) = μ0 + αv + ε (18)
log(g) = μ0 + αi + ε (19)
These models were built upon to form two hierarchical models. The first would consist of an 
individual effect, αi  ~ N(αs, 0.01), which was in turn based around a species effect, αs ~ N(0,  
0.01). Because the questions asked by our model pertain largely to the growth effect on year, 
species growth was modeled by a random effect. 
 log(g) = μ0 + αi + ε (20)
The second hierarchical model would consist of a plot-level effect, αv ~ N(αv, 0.01), based around 
an effect from that plot's vegetation class, αs ~ N(0, 0.01).
 log(g) = μ0 + αp + ε (21)
To begin to address hypotheses concerning changes to growth over time, we would first 
update our model to include a random year effect, αt  ~ N(0, 0.01).
log(gt ) = μ0 + αt  + ε (22)
Provided DIC scores were lowered when considering year effects, we would apply a series of 
linear regressions over modeled year effects. In order to test whether long-term trends existed 
within growth rates, the first regression would model year effects as a function of time. In order 
to test whether relations existed between growth and climate, subsequent regressions would 
model year effects as functions of temperature, precipitation, and evaporation. Variants of each 
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meteorological variable were considered, including mean annual estimates, mean summer 
estimates, current year estimates, and previous year estimates. Meteorological data would be 
obtained from the Toolik Field Station's Weather Data Query 
(http://toolik.alaska.edu/edc/weather/). Evaporation was provided within this dataset in the form 
of depth measurements from a standard U.S. Class A evaporation pan. These measurements were 
taken only during the summer from 2003 to 2006. Depending upon which variables were found 
significant in regressions, we would decompose the year effect into a series of linear fixed 
effects. At most, we would introduce three parameters related to time, t; temperature, xtemp; 
precipitation, xprecip; and evaporation, xevap
log(gt ) = μ0 + βtemp xtemp + βprecip xprecip + βevap xevap  + βt xt + αt  + ε (23)
where parameters of the form βx ~ N(0 , σβx) act as slope parameters for variables found 
significant through regression. In the event multiple variants of the same meteorological variable 
were significant, we would consider within our model the variant with the greatest correlation 
coefficient.
We combined models for which the DIC was lower than seen in the first order model. 
Combined models were accepted where DIC scores were lower than those of their component 
models, and the model with the lowest DIC score was adopted as a basis for all modifications 
related to testing patterns in year effects. At its most complex, our model would look as follows
log(gt) = μ0 + βh log(ht-1) + βtemp xtemp + βprecip xprecip + βevap xevap  + βtt + αt + αp + αv + αi +ε (24)
Figure 23 illustrates the model and its components.
Results
When applied individually, each effect considered here was found to improve upon the 
base model's DIC to some extent. Effects for species and vegetation class produced the smallest 
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change in model fit, reducing DIC by 38 and 78, respectively (Table 11). Hierarchical models 
were examined that were based around these effects – the hierarchical model considering plot 
and vegetation class further reduced model DIC by 313.8, though the hierarchical model 
considering species and individual effects increased DIC by 4.3. Height was found to have some 
correlation to growth based upon a classical regression model (r2: 0.33 , Figure 24), and DIC was 
reduced by 413.0 when height effects were applied  (Table 11, Figure 25). Applying individual 
effects produced the greatest change in model fit, reducing DIC by 949. Subsequent models 
considered the individual effect in combination with others, resulting in relatively small changes 
to DIC. Adding height to the individual effects model reduced DIC by 0.7, and adding year 
effects to the individual effects model reduced DIC by 1.3. However, DIC score increased by 
68.2 when the individual effects model was combined with both height and year effects. DIC 
score also increased when the individual effects model was combined with the hierarchical 
model considering plot and vegetation class (Table 11). 
Having exhibited the lowest DIC score of any model, subsequent analyses employed a 
model that considered year and individual effects. The number of identified bud-scars declined 
exponentially with bud-scar age (Figure 26). Year-based effects on log-growth varied but 
exhibited little correlation (r2 = 0.115) with the observed time span based upon the results of a 
classical linear regression (Figure 27).  No significant relations were found between year effects 
and precipitation (Figure 28). Year effects were positively correlated to temperatures recorded in 
years corresponding to growth; however these regressions were non-significant (Figure 29). Year 
effects were negatively correlated to temperatures recorded in years prior to growth, and in the 
case of mean annual temperatures, this correlation was significant (r2 = 0.765, p = 0.023). Year 
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effects were negatively correlated to evaporation recorded in years prior to growth; however this 
regression was below significant. Given relationships between temperature and annual growth, 
our base model was modified to consider year effects as a linear function of mean summer 
temperature in the previous year. The resulting temperature-based model exhibited a reduction in 
DIC by 96.9 over that of the model consider year as a random effect. However, inclusion of both 
temperature effects and year effects failed to reduce DIC.
Discussion
As was expected, height was a significant factor in determining the extent to which a 
plant could grow, at least when applied individually. The positive correlation between height and 
growth may suggest taller plants have greater access to resources that could be leveraged to 
increase growth. However, this effect diminished with increases in height. Plants approaching 
their height limits would logically have less need to grow. This was reflected in our choice to use 
a log-log linear relationship when modeling the growth effect of height. Individual effects 
offered the greatest improvement to model predictions among any effect considered. This would 
be expected given the role of height in determining growth – when height was not considered, 
error accounted for by the height effect would be absorbed into individual effects. However, 
model predictions improved when both the effects of height and the individual were taken into 
consideration. This suggests that height is not solely responsible for differences observed in 
growth between individuals. 
Other factors may contribute to growth in an individual. Species was found to improve 
model predictions; however this was not the case for a hierarchical model with species and 
individual effects. Plot and vegetation was found to improve model predictions as well, 
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particularly when considered together in a hierarchy; however this also did not persist when 
combined with individual effects. Growing conditions at each plot were noted to vary widely by 
vegetation class. Soil moisture, for instance, would naturally differ between a water logged 
riparian area and a rocky, near barren hilltop. It is possible that effects from plot or vegetation 
class may have been drowned out from error introduced by an insufficient understanding of 
factors contributing to growth. Alternatively, effects may still exist on the scale of plot or 
vegetation class, but these effects were not able to improve model predictions due to insufficient 
sample size. Though there were a reasonable number of individuals surveyed per plot, only 16 
plots were surveyed in total, and only four plots were surveyed per vegetation class, at most. The 
barren vegetation class, for instance,  was represented within only one plot due to time 
constraints.  
The effect of year was sufficient to include in the final model, and the patterns found 
between year effects and temperature shows promise. No significant trends in growth were found 
over the 8 years of bud-scar observations, though it is likely the timespan considered was far too 
short to detect a trend, assuming one was present. It is also important to note that sample sizes 
would restrict study on year more so than other effects – the number of observations for each 
year declined exponentially as one moved back in time. Only four individuals were reported 
whose bud-scars could be identified up to 8 years in the past. Were bud-scars more evenly 
distributed or sample size more numerous, it may be easier to make statements concerning the 
effect of false negatives versus those of real temporal trends.
Precipitation was not found to have an effect on growth. Relationships between growth 
and the temperatures of the present year were below significance; however this may be on 
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account of small sample size. One significant relationship was found between growth and the 
mean annual temperature of the previous year. Past studies have typically interpreted 
relationships between growth and past meteorology as indicative of latent effects. Storage 
biomass, for instance, could increase under favorable meteorological conditions and foster 
growth in subsequent years (Fritts et al. 1976). However, the temperature of past years was found 
to be negatively correlated with growth. This would suggest that cooler summer weather favors 
vegetation, or at least favors it in the following year. 
A negative relation between growth and temperature is unusual considering tundra 
ecosystems are believed to be limited by cold temperature (Bliss et al. 1981). However, the 
pattern is not entirely without precedence. Callagan et al. (1997), for instance, reported a 
negative correlation between growth parameters and July temperatures in the moss Hylocomium 
splendens in seven circumarctic populations, which was postulated to be due to drought 
constraints during the warmest month of the year.  Hallinger et al. (2009) reported a negative 
correlation between growth in Juniperus nana and the previous year's July temperature in 
vascular plants at the highest elevation plots examined in Abisko, Sweden. This was also 
attributed to drought constrains that would manifest within rocky, high elevation plots. 
Building off findings by Hallinger et al. (2009), it is possible the relation between growth 
and temperature is itself influenced by elevation. Past meta-analysis also suggests the effect of 
warming on growth differs by PFT in terms of both strength and direction – evergreen PFTs 
exhibit a minor positive effect, whereas deciduous PFTs exhibit a negative effect (Arft, et al. 
1999). Though more evergreens were reported within our survey, it is possible the interactions 
between these PFTs and temperature could produced an observed negative correlation. Future 
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research may test hypotheses outlined here by decomposing the fixed height effect to also 
include a random effect for PFT or fixed effect for elevation, provided sample sizes are 
sufficient.
At first glance, a drought mediated correlation between temperature and growth does not 
appear to fit with our findings as it does for Hallinger et al. (2009) and Callagan et al. (1997), 
given that no significant relationships were found with precipitation. However, it is important to 
note that tundra ecosystems are commonly characterized by low precipitation (Bliss et al. 1981) 
– at Toolik Lake, annual precipitation averaged only 180 mm (Mack et al. 2004). Given the 
scarcity of precipitation on site, it is possible that water availability is driven by other factors, 
including evaporation. If this were the case, observed correlations between growth and 
temperature could be mediated by evaporation, and evaporation would be correlated with 
temperature. Evaporation pan depth was found to have a correlation in line with this hypothesis – 
the year effect on growth increased with evaporation pan depth, in turn decreasing with 
evaporation – however this correlation was insignificant. A lack of significance is not surprising 
given that evaporation pan depth was recorded for only the first few years of the bud-scar record. 
These years would have had the poorest representation in our measurements. A larger sample 
size may yet be able to determine significance in these relationships, particularly if this would 
result in a wider representation of years.
The existence of a drought mediated relationship between temperature and growth would 
have several implications for the future of tundra ecosystems. If the relation were to exist, recent 
warming in Arctic regions may correspond to an increase in evaporation that would limit growth 
in tundra ecosystems by reducing the amount of water made available to plants. This stands in 
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contrast to the stimulation of growth that is frequently predicted to occur as plants are exposed to 
a warmer climate (Chapin et al. 1995; Epstein et al. 2000). It may remain possible to reconcile 
these predictions in the event responses to climate differed by location or growth form. As 
mentioned by Hallinger et al. (2009), negative responses to temperature were only observed at 
elevations above 1100 m, and meta-analysis by Arft et al. (1999) suggests responses to 
temperature could also differ by growth form. Though our study considered effects similar to 
these, DIC scores did not warrant their inclusion in the model we used to evaluate year effects. 
Nevertheless, this situation may change as additional bud-scar measurements are collected. 
Conclusions
We have constructed a statistical model for estimating average height growth by year, as 
well as estimating the effects of plant height, taxonomy, location, time, and meteorological 
conditions including temperature, precipitation, and evaporation. We tested the model in a 
number of different forms on observed growth derived from bud-scar measurements at Toolik 
Lake, Alaska. Applying individual effects resulted in the greatest improvement to model score of 
any effect considered. All effects were able to improve model score to some degree when applied 
individually; however only height and year effects were able to improve model score when 
combined with individual effects. The effect of year on growth was found to improve model 
score. No significant trends were found in year effect over time. No significant trends were found 
between year effects and precipitation, but year effects were negatively correlated with the mean 
annual temperature of years prior to growth. This relationship may have particular implications 
on the future of tundra ecosystems as Arctic temperatures increase over time. Additional surveys, 
particularly with larger sample sizes in earlier years, may be needed to see whether this 
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relationship applies specifically to certain species or PFTs, and whether other factors mediate the 
relation between temperature and growth. Larger sample sizes would also facilitate the 
identification of relations concerning location, taxonomy, precipitation, and temperature in years 
corresponding to growth, were such relations to exist.
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Figure 23: The growth model and its components
Mean Individual Height Year Plot Vegetation Species Temperature DIC ΔDIC
X 1221 1047.2
X X 272 98.2
X X 808 634.2
X X 793.6 619.8
X X 1058 884.2
X X 1187 1013.2
X X X 744.2 570.4
X X 1143 969.2
X X X 271.3 97.5
X X X 270.7 96.9
X X X X 274.4 100.6
X X X 276.3 102.5
X X X X 340.2 166.4
X X X 173.8 0
X X X X 177.9 4.1
Table 11: DIC and ΔDIC scores for growth models considered by our analysis
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Figure 24: Log-log linear regression of observed growth as a function of height, with 95% 
confidence intervals.
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Figure 25: Observed growth as a function of height. Solid lines indicate median and credible 
intervals generated by a model considering height and individual effects. Dashed lines indicate 
predictive intervals as generated by the same model.
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Figure 27: Medians and 95% credible interval of year effects upon log growth. A linear 
regression (red) is fit over the medians (slope: -0.010, intercept: 19.49, r2: 0.28). 
Figure 26: Number of bud-scar observations recorded corresponding to year.
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Figure 28: Median year effects on log growth vs. precipitation. r2 and p values  are reported for 
each regression.  Estimates of precipitation differ by time window (astronomical summer vs. full 
year), and year of observation (year corresponding to growth vs. previous year).
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Figure 29: Median year effects on log growth vs. temperature. r2 and p values are reported for 
each regression.  Estimates of temperature differ by time window (astronomical summer vs. full 
year), and year of observation (year corresponding to growth vs. previous year).
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Figure 30: Median year effects on log growth vs. mean evaporation pan depth that year. r2 and p 
values are reported for each regression.
Chapter 5: Validation of the Ecosystem Demography Model for 
Simulating Fire in Alaskan Tundra: Simulated Experiments on 
the Anaktuvuk River Fire Scar
Introduction
As the Arctic faces disproportionate warming relative to the rest of the world, there is a 
need for ecosystem models that are capable of predicting how Arctic ecosystems will behave in 
response to a warming climate. Fire has been proposed as one possible consequence of Arctic 
warming, as studies of ancient tundra suggest fire has accompanied climates similar to those that 
are projected to occur in the future, as well as particular classes of vegetation including shrubs 
(Higuera et al. 2008). Were fires within tundra to increase in frequency, there is concern that 
tundra ecosystems would become a net source of carbon due to the stimulation of soil 
respiration, the removal of vegetation, and the combustion of rich organic soils that are 
associated with fire. 
Whether tundra ecosystems become a net source of carbon may depend upon the rate at 
which net ecosystem exchange (NEE) returns to an equilibrium, as well as the rate at which 
aboveground biomass (AGB) returns to a threshold at which fire may reoccur (Chapter 1). 
Because shrub vegetation may hold a link to fire within tundra, it is also possible the future 
carbon balance of tundra may depend upon the vegetation that establishes following fire. Past 
studies on burned tundra suggest shrub vegetation may emerge under time spans exceeding 20 
years, though only a few studies have considered succession on these time scales (Chapter 2, 
Racine et al. 2004, Jandt and Meyers 2000). NEE, AGB, and vegetation composition are among 
output worth consideration in ecosystem models that wish to make predictions on late succession 
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following fire within tundra ecosystems. 
Here, we attempt to validate version 2.1 of the Ecosystem Demography Model (ED) for 
use in predicting the carbon balance and composition following fire in Alaskan tundra. ED is a 
terrestrial biosphere model that is distinguished by a hierarchical representation of space that 
allows entire regions of the biosphere to be simulated in terms of dynamics that occur on the 
level of plant cohorts, while also accounting for heterogeneity that may occur at small spatial 
scales. This makes ED particularly well suited to simulating the tundra, where “micro-scale” 
topography may cause large swings in soil moisture, productivity, and carbon balance. 
Previous work has parameterized ED for use within the tundra (Chapter 3); however the 
model has not yet been validated for use in predicting recovery following fire. Here, we attempt 
to validate ED using carbon flux measurements collected from two flux towers on the burn scar 
of the 2007 Anaktuvuk River (AR) fire. The flux towers were established 1 year after the fire on 
sites corresponding to unburned and severely burned tundra. An ensemble of model runs are 
performed for each site over the parameter space derived from a previous parameterization effort 
(Chapter 3), generating credible intervals of NEE as predicted by the model. These results are 
compared against observed carbon flux to gauge the present suitability of the model towards 
simulation of the tundra.  
In addition, several simulations are performed within ED that would access long-term 
trends within the model and, provided the model is validated, offer insight on the nature of 
succession following fire in tundra. Simulations would encompass the time span of 20 years 
following fire. Two simulations would represent vegetation within unburned and severely burned 
tundra. Provided the  model is validated, we would estimate from the models the point at which 
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post-fire cumulative NEE would achieve an equilibrium. In the event that future fire return 
intervals exceed this threshold, it would be unlikely for tundra to become a net carbon source as 
fires increase in frequency without additional changes occurring. Following upon the results of 
past studies, we would further hypothesize that observed patterns of shrub dominance in mid-
term succession would persist and strengthen under longer time spans, particularly including the 
dominance of shrub vegetation at abundances greater than pre-fire levels.  
Other simulations would be conducted within ED to determine the contribution of 
individual alterations to tundra that are brought by fire disturbance. Alterations considered within 
our study consist of the  removal of aboveground biomass among non-graminoid PFTs, a 
reduction in plant density among graminoids PFTs, a temporary reduction in surface albedo, and 
a reduction in the depth of the organic soil layer. From these simulations, we hypothesized that 
vegetation removal is the primary driver of observed model behavior in simulated experiments. 
Methods
Site Descriptions
All model runs simulated tundra located in the vicinity of flux towers within the 
Anaktuvuk River (AR) fire scar, located in the Upper Kuparuk region on the North Slope of the 
Brooks Range. Sites corresponded to unburned tundra (68º55'48"N, 150º16'12"W) and tundra 
that was severely burned during the 2007 AR fire (68º59'24"N, 150º16'48"W). Figure 31 depicts 
these sites in relation to the burn scar. Sites were respectively located 43 km and 49 km from the 
Arctic Long Term Ecological Research (LTER) Station at Toolik Lake, Alaska (68º38'N, 
149º34'W). Mean annual temperature at this research station is -8.6ºC and mean summer 
precipitation is 180 mm (Oberbauer et al. 2007, Mack et al. 2004). Sites were established 1 year 
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following the fire at a time before any regrowth in vegetation was observed. Soils observed 
within the unburned site were composed of peat down to a depth of 21.2 cm. Organic soil layers 
within the severely burned site were observed to a depth of 12.5 cm; however patches were 
observed in which peat was burned down to the depth of mineral soil (Rocha & Shaver 2009). 
Ensemble Analysis
Ensembles of model runs were performed that simulated vegetation at the flux towers 
within unburned and severely burned tundra along the Anaktuvuk River. Ensembles at each site 
consisted of 100 model runs simulating vegetation within the time spans observed by the flux 
towers, starting June 1st, 2002 and ending with the year 2010. A 5 year burn-in period preceded 
the period encompassed by observations. Initial conditions at each site reflected observations 
made within unburned tundra. This was done under the assumption that the severely burned 
tundra was brought to its present state by fire alone, which was a condition required in 
establishing the the location of the flux towers (Rocha & Shaver 2011). Following the burn-in 
period, a series of modifications would be applied to model runs in severely burned tundra that 
were intended to reflect the effects of fire. NEE simulated across the ensembles would be 
compared against observed carbon flux from the flux towers in order to evaluate model 
performance. 
Initial conditions were based upon observations from a vegetation survey conducted at 
Toolik Lake, Alaska (Chapter 3). Sites corresponding to six vegetation classes were sampled in a 
series of 0.25 m x 0.25 m plots in which each individual was harvested and measured in terms of 
diameter, leaf mass, and stem mass. Each plot was entered into the model as a single patch, 
weighted equally by area. Each individual within a plot corresponded to a single cohort with a 
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density of 16 plants per m2 . Density of the cohorts was a reflection of the size of each plot 
sampled. Basal diameter within a cohort was defined by the basal diameter measured within the 
corresponding individual. Biomass pools were derived allometrically from basal diameter using 
parameters derived from a Bayesian statistical model run over diameter and biomass 
measurements.  A full description of the vegetation survey and the statistical model can be found 
in Chapter 3. 
Additional model input reflected observations made on the site of the unburned flux 
tower, where available, observations from the nearby Toolik LTER station, or conceptual 
requirements imposed by the model. Soil layer thickness increased geometrically from 10 cm to 
12 m, excepting soil layers at which texture was observed to shift from peat to mineral soil at a 
precise depth. Soil layers were composed of peat to a depth of 21.2 cm as observed, below which 
soil texture reflected those observed by the National Resource Conservation Service (NRCS) at 
Toolik Lake. Soil Carbon was initialized to estimates by Walker et al. at Toolik Lake, Alaska 
(2008). Soil temperatures were initialized to air temperatures observed at the first data point 
within meteorological drivers, as is done by default within ED. Below the active layer depth 
observed within unburned tundra, initial soil temperatures were offset to reflect mean annual 
temperatures observed at Toolik Lake. This was done for the purpose of quickly converging 
towards the simulation of permafrost. Meteorological drivers reflected conditions at Toolik Lake 
on a 3-hourly time step and were provided by the North American Regional Reanalysis (NARR, 
Messinger et al. 2006). 
Ensembles at each site would sample model output across a parameter space composed 
from probability distributions of parameters specific to plant functional type (PFT). Probability 
140
distributions were originally derived from prior distributions that intended to encompass a full 
spectrum of values within cold tolerant plants, relevant phylogenetic groups, or all plants 
worldwide. These distributions were then constrained through a Bayesian analysis over the 
results of a targeted literature survey and field campaign, in addition to the assimilation of 
height-based growth data collected from bud-scar measurements at Toolik Lake, and carbon 
fluxes observed at Barrow and Atqasuk, Alaska. Details concerning the derivation of these 
distributions are provided in Chapter 3. From these distributions, a set of 100 parameter value 
combinations were randomly generated for each model run. 
Modifications were applied within simulations of burned tundra on the 16th of July, 2007 
– the first day of the Anaktuvuk River fire. Modifications consisted of a removal of aboveground 
biomass among non-graminoid PFTs, a reduction in plant density among graminoids PFTs, a 
temporary reduction in surface albedo,  and a reduction in the depth of the peat soil texture. 
Almost all non-graminoid vegetation was observed to have combusted in observations made 1 
month following the fire (Mack et al. 2011). This was reflected within our model by a removal of 
all aboveground biomass within evergreen and deciduous PFTs. Biomass removal was 
implemented via an existing routine in ED that was previously used to simulate harvest in 
agricultural ecosystems. The routine was modified to only apply changes to non-graminoid 
growth forms on the date of the fire. Belowground biomass in non-graminoid vegetation was 
assumed to have remained. Observations made 1 month after fire (Mack et al. 2011) additionally 
estimated an 87±11% survivorship within the most common species of graminoid, Eriophorum 
vaginatum. This was reflected within the modified harvest routine by a reduction in plant density 
among all graminoid cohorts by 13%. 
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Surface albedo is commonly known to decline rapidly following fire; however the effect 
is ephemeral. Recovery of surface albedo is relatively quick, occurring within 10 years after fire 
(Rocha et al. in prep). To simulate this behavior in simulations of burned tundra, a factor was 
applied to the value for surface albedo as it would otherwise be simulated within ED. This factor 
was representative of the percent reduction in albedo following fire, and was expressed as a 
function of time. As albedo could not conceptually become a negative value, we chose to express 
this term in a log linear relationship with time,
log(Δa) = b1 + b2 log(t) (25)
 where  Δa is the percent reduction of albedo and t is time, expressed in years. Terms b1 and b2 
are constants. A regression over several known estimates of post-fire albedo was applied to 
derive terms for this function. The regression was applied over estimates of summer albedo 
derived from a study conducted by Rocha et al. (in prep) on satellite imagery of fire scars on 
Alaskan tundra. Post-fire albedo estimates from this study covered a timespan of 1 to 40 years. 
Post-fire estimates of albedo were compared to the temporal average within the dataset to derive 
the percent reduction of albedo. This provided us with an estimate of albedo that could still take 
into consideration the albedo modeled by ED. 
Modeled changes to peat texture occurred on the first day of the AR fire in the same 
harvest routine used to remove vegetation. The depth of the organic soil layer was observed to 
differ between flux tower sites along the AR burn scar – 21.2 cm in the unburned site, and 12.5 
cm in the severely burned site. Reflecting these observations, the peat soil texture within the 2nd 
soil layer below the surface was switched to that of mineral soil. This soil layer was bounded at 
depths of 21.2 cm to 12.5 cm, reflecting the lowermost depths of organic soil at each site. Due to 
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the representation of soil layers within ED, top soil layers could not easily be removed in the 
middle of a simulation, and this approach was adopted to accommodate for this limitation.
Long Term Simulation
A series of simulations were conducted to evaluate whether long-term trajectories existed 
within simulated burn experiments intended to be run within ED. Two main simulations were 
considered: a simulation on the site of the Anaktuvuk flux tower in unburned tundra, and a 
simulation on the site of the Anaktuvuk flux tower in severely burned tundra, in which 
modifications due to fire are applied as described under “Ensemble Analysis.” An additional set 
of simulations would be performed on unburned tundra in which each modification made to 
simulate fire would be applied independently: vegetation removal, alterations to albedo, and 
reduction in the depth of organic soil. These runs would enable us to evaluate the contributions 
of each modification to the simulated run on burned tundra, and possibly elucidate the effects of 
each alteration in the real world. All long-term simulations would be run on the set of parameter 
values defined by the medians of the probability distributions from previous parameterization 
(Chapter 3). Simulations would occur from June 1st, 2002 to the end of the year 2027, 20 years 
following the Anaktuvuk River fire. A burn-in period of 5 years was allocated, after which 
modifications would be applied to simulations on burned tundra. 
Results
A correlation (r2 = 0.349) was found between albedo and time based upon the regression 
used to model the percent reduction in albedo following fire (Figure 32). Albedo recovered 
steadily, approaching pre-fire estimates throughout the dataset. Slope (-1.61) and intercept 
(1.172) terms were adopted within model code to simulate post-fire albedo within tundra, as 
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originally intended. 
Ensemble runs conducted on unburned tundra (Figure 33) and severely burned tundra 
(Figure 34) were both able to capture a majority of carbon flux measurements within their 95% 
credible intervals, albeit with several incongruities. A majority of observations within unburned 
tundra occupied the region of the credible interval below the median, suggesting the model 
overestimates productivity under normal conditions. Second and third year observations on 
severely burned tundra were generally captured by credible intervals. However, observations 
within the second year following fire were generally below the median values of the model, and 
the majority of observations made during the first year after fire demonstrated a carbon source, 
whereas the model predicted a carbon sink within it's credible intervals. 
Long term simulations of severely burned tundra indicated that NEE remained 
consistently lower than NEE of tundra that had never been burned (Figure 35). Nevertheless, 
modeled tundra was found to return as a carbon source much faster than what was indicated in 
observations, such that tundra remained a net carbon sink in much of the first year following fire 
(Figure 34). Following 7 years of recovery, NEE was restored to magnitudes seen in the year 
immediately preceding the fire (Figure 35). 
Aboveground biomass indicated that recovery was not consistent across plant functional 
type. AGB within unburned tundra was dominated early on by the evergreen PFT within 
unburned tundra (Figure 36). This was followed closely by the deciduous PFT, which went on to 
overtake evergreens in the 11th year of simulation. AGB within both PFTs increased steadily 
throughout the simulation with no sign of slowing, whereas graminoid AGB gradually decreased. 
Fire further disrupted early evergreen dominance, such that evergreens were never able to 
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reestablish following simulated burns. 
No differences existed in terms of soil temperature between simulations of unburned 
tundra and simulations in which the effects of fire on albedo and organic soil depth were applied 
individually. At the same time, cumulative NEE was found to be lower in the simulation where 
the effects of fire on albedo were considered independently (Figure 37). This disparity increased 
over time. AGB within the evergreen PFT increased at a rate that was noticeably slower in the 
simulation in which fire effects on albedo were simulated independently (Figure 38). No 
differences existed in terms of cumulative NEE, nor AGB, within the simulation considering 
only the effect of fire on organic soil depth. When considered independently, the removal of 
vegetation following fire resulted in extreme changes to AGB that were virtually identical to 
simulations in which the full effects of fire were applied. Cumulative NEE within the simulation 
considering vegetation removal independently was only marginally lower than simulation 
applying all fire effects (Figure 39). 
Discussion
The finding that observed carbon flux is encompassed by the model's 95% credible 
intervals is promising; however further work will still be needed before the model is suited to 
make legitimate predictions on the carbon balance and composition of tundra following fire 
disturbance. Particular issues found during simulation may be addressed in order to improve 
model predictions, including the tendency towards overpredicting NEE in unburned tundra, the 
overly rapid recovery of NEE following a burn, the continual growth of evergreen and deciduous 
PFTs, the gradual die off among graminoids, the inability to reestablish evergreens after the fire, 
and a deciduous dominated recovery. Perhaps foremost, modeled evergreen vegetation did not 
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reestablish over the course of 20 years of succession, and graminoid vegetation gradually 
declined regardless of whether it was located within burned or unburned tundra.  This latter 
observation contrasts with abundant research stating succession following tundra is is rapid and 
dominated by graminoid vegetation (Chapter 2, Wein & Bliss 1973,  Racine et al. 1987, Viereck 
et al. 1980). It remains possible for some issues to be interrelated; for instance, deciduous and 
evergreen PFTs may only grow to take on resources previously used by graminoids. It is also 
possible for graminoids to have been driven out by competing PFTs. 
Though ED currently does not capture all the facets of carbon flux and composition in the 
Anaktuvuk River Fire, it may still be possible to glean information on the behavior of tundra 
vegetation from the way in which the model responded to individual effects brought by fire 
disturbance. It should be noted that AGB and cumulative NEE in simulations on severely burned 
tundra greatly resembled those within simulations in which only the removal of vegetation 
following fire had occurred. Simulations in which only the effects of fire on albedo were applied 
produced results closer in resemblance to simulations on unburned tundra. Simulations in which 
only the effects of fire on the organic soil layer were applied produced results that were virtually 
identical to simulations on unburned tundra in terms of NEE, AGB, and soil temperature. These 
findings together suggest that the vast majority of simulated changes in NEE and AGB following 
fire could be attributed to the combustion of aboveground biomass. If one were to apply the 
results of these simulations to reality, it would suggest that changes following fire were driven 
primarily by the removal of vegetation, in line with our hypothesis. Distinctive effects of fire on 
soil texture and albedo would be secondary, at best, and fire within tundra would operate in much 
the same way as other forms of disturbance, such as agricultural harvest. Nevertheless, given the 
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current ability to simulate carbon balance and composition within ED, interpretation of results in 
terms of reality must be made cautiously.
Conclusions
In this study, we have attempted to validate the Ecosystem Demography model for the 
purpose of predicting the effects of fire on carbon balance and vegetation composition. We have 
found model predictions were sufficient to encompass observations of NEE made within both 
severely burned and unburned tundra. Further work will be needed for ED to make reliable 
predictions within tundra ecosystems. We highlight issues within the model at which efforts may 
be focused to improve predictions, including a rapid growth within the evergreen and deciduous 
PFTs, the die-off of graminoid vegetation, and a failure to reestablish evergreens following 
removal. Results of simulations that applied the effects of fire independently suggest that the 
nature of plant composition and carbon balance within the model is driven heavily by the 
mechanical removal of vegetation, with alterations to surface albedo providing an auxiliary 
effect. 
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Figure 31: A map of flux towers established within the burn scar of the 2007 Anaktuvuk River 
Fire. The site of the Toolik LTER station is shown in comparison.
150
Figure 32: Percentage reduction in albedo over time since fire. A log-linear regression was fit 
over data provided by Rocha et al. (in prep). The regression would be applied to simulate post-
fire albedo within our model.
Figure 33: Modeled and observed carbon flux at the unburned site on the Anaktuvuk River FIre scar. Credible intervals were derived 
from the 2.5th and 97.5th quantiles of model output at each time step in an ensemble of model runs over informed parameter 
distributions.
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Figure 34: Modeled and observed carbon flux at the severe burn site on the Anaktuvuk River FIre scar. Credible intervals were derived 
from the 2.5th and 97.5th quantiles of model output at each time step in an ensemble of model runs over informed parameter 
distributions.
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Figure 35: Simulated carbon uptake in unburned tundra (black) and tundra that 
sustained a severe burn (red) during the 2007 Anaktuvuk River fire (gray).
154
Figure 36: Aboveground biomass by plant functional type in simulations on unburned 
tundra (solid) and tundra that sustained a severe burn (dotted) during the 2007 
Anaktuvuk River fire (gray).
155
Figure 37: Cumulative NEE by plant functional type in simulations on unburned tundra 
(blue), severely burned tundra (red) and tundra in which fire effects on albedo were 
added independently (dotted) during the 2007 Anaktuvuk River fire (gray).
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Figure 38: Aboveground biomass by plant functional type in simulations on unburned 
tundra (blue), severely burned tundra (red), and tundra in which fire effects on peat 
were added independently (dotted) during the 2007 Anaktuvuk River fire (gray).
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Figure 39: Cumulative NEE in simulations on unburned tundra (blue), severely burned 
tundra (blue), and tundra in which only the fire's effect on AGB was simulated (dotted) 
following the 2007 Anaktuvuk River fire (gray).
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Appendix A: Automated Literature Survey
An automated web crawler was implemented to conduct a systematic survey of published 
trait values for plants common to tundra ecosystems. Given a list of species names, species, and 
parameter search terms, params, the crawl function searches the Google Scholar search engine 
for all possible combinations of species and search terms. Results are compiled and ordered by 
the frequency at which they occur throughout searches. The top most frequent results are 
automatically opened in the user's default web browser. The limit parameter indicates the 
maximum number of tabs to open, which was set to 50 for the purpose of our survey. Code 
extends the xgoogle library through the GoogleScholarSearch and PubSearchResult classes, 
which retrieve search pages and represent search results, respectively.
from xgoogle import BeautifulSoup , SearchResult
import webbrowser 
def crawl(species, params, limit=-1): 
    occurences = {} 
    for sp in species: 
        for param in params: 
            searcher = GoogleScholarSearch(['"'+sp+'" ' + param]) 
            results = searcher.search() 
            if len(results) > 1: 
                for result in results: 
                    if result not in occurences: 
                        occurences[result] = 0 
                    occurences[result]+=1 
                break 
    results = sorted(occurences, key=lambda article: occurences[article]) 
    for result in results[:limit]: 
        if result.url: 
            webbrowser.open_new_tab(result.url) 
            print occurences[result], result 
class PubSearchResult(SearchResult): 
    def __init__(self, title, url, desc=None, 
                 authors=[], journal=None, year=None, abstract=None, citationnum=0): 
        SearchResult.__init__(self, title, url, desc) 
    def __hash__(self): 
        return self.url.__hash__() 
    def __str__(self): 
        return self.title 
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class GoogleScholarSearch: 
    """ 
    @brief This class searches Google Scholar (http://scholar.google.com) 
    Search for articles and publications containing terms of interest. 
    """ 
    SEARCH_HOST = "scholar.google.com" 
    SEARCH_BASE_URL = "/scholar" 
    def __init__(self,terms,limit = 10,browser='Mozilla/4.0 (compatible; MSIE 5.5; Windows NT)'): 
        self.params= urllib.urlencode({'q': "+".join(terms), 'num': limit}) 
        self.baseurl = GoogleScholarSearch.SEARCH_BASE_URL+"?"+self.params 
        self.url =  GoogleScholarSearch.SEARCH_HOST+self.baseurl 
        self.browser = browser 
    def search(self): 
        headers = {'User-Agent': self.browser} 
        conn = httplib.HTTPConnection(GoogleScholarSearch.SEARCH_HOST) 
        conn.request("GET", self.url, {}, headers) 
        resp = conn.getresponse() 
        if resp.status==200: 
            html = resp.read() 
            results = [] 
            html = html.decode('ascii', 'ignore') 
                        
            # Screen-scrape the result to obtain the publication information 
            soup = BeautifulSoup(html) 
            for record in soup.findAll('div', {'class': 'gs_r'}): 
                # Includeds error checking 
                topPart = record.first('div', {'class': 'gs_rt'})                                
                
                pubTitle = '' 
                pubUrl = None 
                if topPart.a: 
                    pubUrl = topPart.a['href'] 
                    # Clean up the URL, make sure it does not contain '\' but '/' instead 
                    pubUrl = pubUrl.replace('\\', '/') 
                    for part in topPart.a.contents: 
                        pubTitle += str(part) 
                authorPart = record.first('span', {'class': 'gs_a'}) 
                authorPart = ''.join(map(lambda tag: str(tag), authorPart.contents)) 
                    
                        
                #num = authorPart.count(" - ") 
                # Assume that the fields are delimited by ' - ', the first entry will be the 
                # list of authors, the last entry is the journal URL, anything in between 
                # should be the journal year 
                idx_start = authorPart.find(' - ') 
                idx_end = authorPart.rfind(' - ') 
                pubAuthors = authorPart[:idx_start]                
                pubJournalYear = authorPart[idx_start + 3:idx_end] 
                # If (only one ' - ' is found) and (the end bit contains '\d\d\d\d') 
                # then the last bit is journal year instead of journal URL 
                if pubJournalYear=='' and re.search('\d\d\d\d', pubJournalURL)!=None: 
                    pubJournalYear = pubJournalURL 
                    pubJournalURL = '' 
                match = re.search("Cited by ([^<]*)", str(record)) 
                pubCitation = '' 
                if match != None: 
                    pubCitation = match.group(1) 
                results.append(PubSearchResult(pubTitle, pubUrl, pubAuthors, 
                                    year=pubJournalYear, citationnum=pubCitation)) 
            return results 
        else: 
            print "ERROR: ", 
            print resp.status, resp.reason 
            return []
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PFT Species Citation
Deciduous Arctostaphylos alpina Shaver 1982, Bliss 1981
Arctostaphylos rubra Bliss 1981
Arctostaphylos uva-ursi Shaver 1982
Betula glandulosa Bliss 1981
Betula nana Shaver 1982, Auerbach 1997, Bliss 1981
Pedicularis lapponica Shaver 1982 Auerbach 1997
Polygonum bistorta Shaver 1982
Rubus chamaemorus Shaver 1982, Auerbach 1997, Bliss 1981
Salix alaxensis Bliss 1981
Salix glauca Bliss 1981
Salix lanata Auerbach 1997, Bliss 1981
Salix pulchra Shaver 1982 Bliss 1981
Salix reticulata Shaver 1982, Auerbach 1997
Evergreen Andromeda polifolia Shaver 1982
Cassiope tetragona Shaver 1982, Bliss 1981
Dryas integrifolia Shaver 1982
Empetrum nigrum Shaver 1982, Bliss 1981
Empetrum hermaphroditum Bliss 1981
Ledum palustre Shaver 1982, Auerbach 1997, Bliss 1981
Oxycoccus microcarpus Shaver 1982
Vaccinium vitis idaea Shaver 1982, Auerbach 1997, Bliss 1981
Vaccinium uliginosum Shaver 1982, Bliss 1981
Graminoid Calamagrostis canadensis Shaver 1982
Calamagrostis holmii Shaver 1982
Carex aquatilis Shaver 1982
Carex bigelowii Shaver 1982 Auerbach 1997, Bliss 1981
Eriophorum angustifolium Shaver 1982
Eriophorum vaginatum Shaver 1982 Auerbach 1997
Festuca rubra Auerbach 1997
Table 12: Species names provided as input to the web crawler, and citations used as a basis for 
inclusion. The survey would append quotes to species names in the search query. In addition, the 
keyword “tundra” was appended to this list to allow a search for relevant species not otherwise 
considered.
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SLA Fine root 
allocation
Vcmax Stomatal slope Allometric 
coefficients
Turnover rates
SLA root biomass vcmax stomatal slope allometry root turnover
Specific leaf area leaf biomass vmax stomatal conductance leaf biomass diameter root longevity
LMA jmax ball berry stem biomass diameter leaf turnover
Leaf mass per 
area
amax height diameter leaf longevity
farquhar rhizotron
Table 13: Search terms provided as input to the automated survey. Where terms were composed 
of multiple words, the term would be fed to the survey both with and without quotes, with the 
exception of allometric coefficients.
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Appendix B: Meta-Analysis input
Table 14: Data collected during the literature survey that was fed to the meta-analysis
Variable  Citation  PFT  Species  Mean  SE  N
Fine root:leaf biomass (ratio)  Kummerow et al. 1983 Deciduous  Betula nana  1.2700  0.1630 8 
Fine root:leaf biomass (ratio)  Kummerow et al. 1983 Deciduous  Betula nana  1.2100  0.0460 5 
Fine root:leaf biomass (ratio)  Kummerow et al. 1983 Evergreen  Ledum palustre  0.3100  0.0390 8 
Fine root:leaf biomass (ratio)  Kummerow et al. 1983 Evergreen  Ledum palustre  0.4000  0.0580 5 
Fine root:leaf biomass (ratio)  Kummerow et al. 1983 Evergreen  Vaccinium uliginosum  0.7700  0.1750 8 
Fine root:leaf biomass (ratio)  Kummerow et al. 1983 Evergreen  Vaccinium uliginosum  1.9200  0.3790 5 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Deciduous  Betula nana  0.1500 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Deciduous  Betula nana  0.1580 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Deciduous  Betula nana  0.1700 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Deciduous  Betula nana  0.1400 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Deciduous  Betula nana  0.1600 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Deciduous  Betula nana  0.1500 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1160 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1240 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1300 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1080 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1260 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.0840 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1680  18 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1720  18 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1360  18 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1260 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1460 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1340 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.2080  18 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1840  18 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1880  18 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1500 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1400 9 
Stomatal conductance (mol H2O m-2 s-1)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.1240 9 
Stomatal conductance (mol H2O m-2 s-1)  Starr et al. 2004 Graminoid  Carex bigelowii 28.0250  3.1140  30 
Stomatal conductance (mol H2O m-2 s-1)  Starr et al. 2004 Graminoid  Carex bigelowii 51.6010  4.0040  30 
Stomatal conductance (mol H2O m-2 s-1)  Starr et al. 2004 Graminoid  Carex bigelowii 65.8360  7.1170  30 
Stomatal conductance (mol H2O m-2 s-1)  Starr et al. 2004 Graminoid  Carex bigelowii 64.0570  8.8970  30 
Stomatal conductance (mol H2O m-2 s-1)  Starr et al. 2004 Graminoid  Eriophorum vaginatum 28.4700  3.5590  30 
Stomatal conductance (mol H2O m-2 s-1)  Starr et al. 2004 Graminoid  Eriophorum vaginatum 59.6090  3.5590  30 
Stomatal conductance (mol H2O m-2 s-1)  Starr et al. 2004 Graminoid  Eriophorum vaginatum 68.5050  3.5590  30 
Stomatal conductance (mol H2O m-2 s-1)  Starr et al. 2004 Graminoid  Eriophorum vaginatum  100.0890  5.7830  30 
Leaf biomass (g m-2)  Chapin III et al. 1979 Deciduous  Betula nana  1.0000  1.0000  10 
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Leaf biomass (g m-2)  Chapin III et al. 1979 Deciduous  Rubus chamaemorus  2.0000  1.0000  10 
Leaf biomass (g m-2)  Chapin III et al. 1979 Evergreen  Andromeda polifolia var. glaucophylla   3.0000  1.0000  10 
Leaf biomass (g m-2)  Chapin III et al. 1979 Evergreen  Empetrum nigrum  4.0000  2.0000  10 
Leaf biomass (g m-2)  Chapin III et al. 1979 Evergreen  Ledum palustre ssp. decumbens 27.0000  2.0000  10 
Leaf biomass (g m-2)  Chapin III et al. 1979 Evergreen  Vaccinium uliginosum 10.0000  2.0000  10 
Leaf biomass (g m-2)  Chapin III et al. 1979 Evergreen  Vaccinium vitis-idaea ssp. minus 44.0000  9.0000  10 
Leaf biomass (g m-2)  Chapin III et al. 1979 Graminoid  Carex bigelowii 13.0000  4.0000  10 
Leaf biomass (g m-2)  Chapin III et al. 1979 Graminoid  Eriophorum vaginatum  927.0000  438.4300 4 
Leaf biomass (g m-2)  Chapin III et al. 1979 Graminoid  Eriophorum vaginatum  475.0000 1 
Leaf biomass (g m-2)  Chapin III et al. 1979 Graminoid  Eriophorum vaginatum var. spissum 30.0000  8.0000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Arctostaphylos alpina  0.1000  0.1000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Arctostaphylos alpina  1.4000  1.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Arctostaphylos alpina  0.2000  0.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Arctostaphylos alpina  0.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Arctostaphylos alpina  1.1000  1.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Betula nana  1.1000  0.3000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Betula nana 13.2000  3.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Betula nana 10.1000  3.5000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Betula nana  5.4000  0.8000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Betula nana 26.7000  4.5000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Betula nana  0.3000  0.3000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Betula nana  0.1000  0.1000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Rubus chamaemorus  0.1000  0.0500  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Rubus chamaemorus  3.8000  1.5000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Rubus chamaemorus  1.6000  0.8000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix glauca  2.8000  0.5000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix glauca 69.7000  9.8000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix phlebophylla  0.2000  0.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix phlebophylla  0.7000  0.7000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix pulchra  0.1000  0.0500  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix pulchra  1.5000  1.3000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix pulchra  0.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix pulchra 20.3000  4.1000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix pulchra  0.5000  0.3000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix pulchra  0.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Deciduous  Salix pulchra  0.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Andromeda polifolia  1.7000  0.5830  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Andromeda polifolia var. glaucophylla   0.8000  0.4000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Andromeda polifolia var. glaucophylla   3.8000  0.4120  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Empetrum nigrum  1.6000  0.8000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Ledum palustre 32.6000  1.9850  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Ledum palustre  6.1000  1.7000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Ledum palustre  6.3000  1.9210  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Ledum palustre 26.7000  2.9000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Ledum palustre 27.2000  1.8970  20 
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Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  0.2000  0.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  1.4000  1.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  0.2000  0.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  0.1000  0.1000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  1.4000  1.4000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  0.6000  0.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  3.3000  1.1000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus 73.8000 11.1000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus 52.6000  6.1130  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus 46.1000  3.9000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus  1.5000  0.8000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus 10.8000  2.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus 11.7000  1.7030  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex aquatilis var. aquatilis 14.9000  1.6000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex aquatilis var. aquatilis 40.5000  0.2000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex aquatilis var. aquatilis 28.3000  2.3000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex atrofusca  0.0000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex atrofusca  3.9000  2.0000  10 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex bigelowii  1.0000  0.3000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex bigelowii  6.9000  2.7000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex bigelowii  3.4000  1.1000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex bigelowii  0.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Carex bigelowii  0.2000  0.1000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Eriophorum angustifolium  4.8000  0.6000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Eriophorum angustifolium  7.2000  2.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Eriophorum angustifolium  5.0000  1.0000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Eriophorum vaginatum 50.4000 10.9000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Eriophorum vaginatum 23.1000  5.5000  20 
Leaf biomass (g m-2)  Shaver et al. 1991 Graminoid  Eriophorum vaginatum var. spissum 19.1000  5.1000  20 
Leaf longevity (year)  Chapin III et al. 1980 Deciduous  Betula nana  0.1670 4 
Leaf longevity (year)  Chapin III et al. 1980 Deciduous  Rubus chamaemorus  0.1230 4 
Leaf longevity (year)  Chapin III et al. 1980 Deciduous  Salix pulchra  0.1750 4 
Leaf longevity (year)  Chapin III et al. 1980 Evergreen  Ledum palustre  0.2055 4 
Leaf longevity (year)  Chapin III et al. 1980 Evergreen  Ledum palustre  0.2470 4 
Leaf longevity (year)  Chapin III et al. 1980 Evergreen  Ledum palustre  0.2470 4 
Leaf longevity (year)  Chapin III et al. 1980 Evergreen  Ledum palustre  0.2470 4 
Leaf longevity (year)  Chapin III et al. 1980 Graminoid  Eriophorum vaginatum  0.2470 4 
Leaf longevity (year)  Johnson et al. 1976 Deciduous  Betula nana  0.1670  20 
Leaf longevity (year)  Johnson et al. 1976 Deciduous  Salix pulchra  0.1750  20 
Leaf longevity (year)  Johnson et al. 1976 Evergreen  Ledum palustre  0.5480  20 
Leaf longevity (year)  Johnson et al. 1976 Evergreen  Vaccinium vitis-idaea ssp. minus  0.9860 1 
Leaf longevity (year)  Johnson et al. 1976 Graminoid  Carex aquatilis var. aquatilis  0.2330 1 
Leaf longevity (year)  Johnson et al. 1976 Graminoid  Eriophorum vaginatum  0.2600  20 
Leaf longevity (year)  Reich et al. 1998 Deciduous  Arctostaphylos uva-ursi  1.5000 1 
Leaf longevity (year)  Reich et al. 1998 Deciduous  Salix glauca  0.2500 1 
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Leaf longevity (year)  Reich et al. 1998 Deciduous  Salix planifolia  0.2500 1 
Leaf turnover rate (year-1)  Aerts et al. 2008 Evergreen  Andromeda polifolia var. glaucophylla   0.9346  0.0890 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Evergreen  Andromeda polifolia var. glaucophylla   1.0000  0.0310 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Evergreen  Andromeda polifolia var. glaucophylla   0.6711  0.0400 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Evergreen  Andromeda polifolia var. glaucophylla   0.7813  0.0560 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Evergreen  Empetrum nigrum  0.6500  0.0373 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Evergreen  Empetrum nigrum  0.6494  0.1502 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Evergreen  Empetrum nigrum  0.6711  0.0341 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Evergreen  Empetrum nigrum  0.6329  0.0252 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Graminoid  Eriophorum vaginatum var. spissum  0.8772  0.1427 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Graminoid  Eriophorum vaginatum var. spissum  1.2048  0.4182 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Graminoid  Eriophorum vaginatum var. spissum  1.0204  1.6110 8 
Leaf turnover rate (year-1)  Aerts et al. 2008 Graminoid  Eriophorum vaginatum var. spissum  1.3699  6.1057 8 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Betula nana  0.0832  0.0024  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Betula nana  0.0824  0.0019  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Betula nana  0.0787  0.0019  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Pedicularis lapponica  0.0921  0.0023  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Pedicularis lapponica  0.0804  0.0029  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Pedicularis lapponica  0.0896  0.0027  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Pedicularis lapponica  0.0921  0.0023  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Pedicularis lapponica  0.0804  0.0029  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Pedicularis lapponica  0.0896  0.0027  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Salix herbacea  0.0912  0.0015  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Salix herbacea  0.0924  0.0017  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Salix herbacea  0.0836  0.0023  20 
LMA (kg m-2)  Kudo et al. 1999 Deciduous  Salix herbacea  0.0852  0.0025  20 
LMA (kg m-2)  Kudo et al. 1999 Evergreen  Diapensia lapponica  0.1642  0.0037  20 
LMA (kg m-2)  Kudo et al. 1999 Evergreen  Diapensia lapponica  0.1439  0.0056  20 
LMA (kg m-2)  Kudo et al. 1999 Evergreen  Diapensia lapponica  0.1523  0.0082  20 
LMA (kg m-2)  Kudo et al. 1999 Evergreen  Diapensia lapponica  0.1679  0.0048  20 
LMA (kg m-2)  Kudo et al. 1999 Evergreen  Vaccinium vitis-idaea  0.1945  0.0061  20 
LMA (kg m-2)  Kudo et al. 1999 Evergreen  Vaccinium vitis-idaea  0.1926  0.0056  20 
LMA (kg m-2)  Kudo et al. 1999 Evergreen  Vaccinium vitis-idaea  0.1964  0.0059  20 
LMA (kg m-2)  Kudo et al. 1999 Graminoid  Carex bigelowii  0.1140  0.0021  20 
LMA (kg m-2)  Kudo et al. 1999 Graminoid  Carex bigelowii  0.1191  0.0022  20 
LMA (kg m-2)  Kudo et al. 1999 Graminoid  Carex bigelowii  0.1028  0.0031  20 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0772  10 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0793  18 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0767  18 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0831  18 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0706 9 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0662 9 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0737 9 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0887  18 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0837  18 
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LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0900  18 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0686 9 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0621 9 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Betula nana  0.0674 9 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Rubus chamaemorus  0.0709  10 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Salix fuscescens  0.0740  10 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Salix pulchra  0.1052  10 
LMA (kg m-2)  Oberbauer et al. 1989 Deciduous  Salix reticulata  0.0904  10 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Andromeda polifolia  0.1551  10 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Empetrum nigrum  0.1515  10 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1646  10 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1440  18 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1496  18 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1489  18 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1254 9 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1300 9 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1300 9 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1604  18 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1522  18 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1540  18 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1302 9 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1191 9 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Ledum palustre  0.1303 9 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Vaccinium uliginosum  0.0735  10 
LMA (kg m-2)  Oberbauer et al. 1989 Evergreen  Vaccinium vitis-idaea ssp. minus  0.1669  10 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Anthoxanthum monticola ssp. alpinum  0.1387  10 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex aquatilis var. aquatilis  0.0808  10 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0786  10 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0877  18 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0878  18 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0866  18 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0734 9 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0702 9 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0670 9 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0951  18 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0953  18 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0925  18 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0766 9 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0686 9 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Carex bigelowii  0.0644 9 
LMA (kg m-2)  Oberbauer et al. 1989 Graminoid  Eriophorum vaginatum  0.1667  10 
LMA (kg m-2)  Shaver et al. 1991 Deciduous  Arctostaphylos alpina  0.1150  0.0130 2 
LMA (kg m-2)  Shaver et al. 1991 Deciduous  Betula nana  0.0720  0.0030  12 
LMA (kg m-2)  Shaver et al. 1991 Deciduous  Betula nana  0.0950 1 
LMA (kg m-2)  Shaver et al. 1991 Deciduous  Betula nana  0.0630  0.0030  10 
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LMA (kg m-2)  Shaver et al. 1991 Deciduous  Rubus chamaemorus  0.0900  0.0080  13 
LMA (kg m-2)  Shaver et al. 1991 Deciduous  Salix glauca  0.0850  0.0040  10 
LMA (kg m-2)  Shaver et al. 1991 Deciduous  Salix phlebophylla  0.0800 1 
LMA (kg m-2)  Shaver et al. 1991 Deciduous  Salix pulchra  0.0810  0.0010 2 
LMA (kg m-2)  Shaver et al. 1991 Deciduous  Salix pulchra  0.0830  0.0060 8 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Empetrum nigrum  0.1550  0.0140 5 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Empetrum nigrum  0.2000  0.0150 5 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Empetrum nigrum  0.2000  0.0150 5 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Empetrum nigrum  0.3300  0.1160 3 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Ledum palustre  0.1580  0.0030  20 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Ledum palustre  0.1750  0.0030  20 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Ledum palustre  0.3500  0.0230  15 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  0.0910  0.0090 2 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  0.0920  0.0060 9 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Vaccinium uliginosum  0.0620  0.0030 8 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus  0.1620  0.0050  20 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus  0.2170  0.0050  20 
LMA (kg m-2)  Shaver et al. 1991 Evergreen  Vaccinium vitis-idaea ssp. minus  0.2240  0.0840  10 
LMA (kg m-2)  Shaver et al. 1991 Graminoid  Carex aquatilis var. aquatilis  0.1190  0.0090  18 
LMA (kg m-2)  Shaver et al. 1991 Graminoid  Carex bigelowii  0.1106  0.0070  12 
LMA (kg m-2)  Shaver et al. 1991 Graminoid  Carex bigelowii  0.2770  0.0350 2 
LMA (kg m-2)  Shaver et al. 1991 Graminoid  Eriophorum vaginatum var. spissum  0.1660  0.0290  14 
Root biomass (g m-2)  Chapin III et al. 1979 Graminoid  Eriophorum vaginatum  305.0000  128.0000  12 
Root biomass (g m-2)  Shaver et al. 1991 Graminoid  Eriophorum vaginatum var. spissum 19.2000  7.3000  20 
Root biomass (g m-2)  Shaver et al. 1991 Graminoid  Eriophorum vaginatum var. spissum  107.3000 48.9000  20 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum  0.7050 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum  5.0330 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum  0.2900 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum  3.2240 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum  2.1090 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum  2.2540 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum  6.6610 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum  0.5940 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum 12.5430 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum 20.3570 1 
Root respiration rate (umol CO_2 kg-1 s-1)  Limbach et al. 1982 Graminoid  Eriophorum vaginatum 10.8700 1 
SLA (m2 kg-1)  Hobbie et al. 2002 Deciduous  Betula nana 11.9000  0.2900 5 
SLA (m2 kg-1)  Hobbie et al. 2002 Deciduous  Betula nana 12.4400  0.3500 6 
SLA (m2 kg-1)  Hobbie et al. 2002 Evergreen  Dryas integrifolia ssp. chamissonis  5.0300  0.1400 6 
SLA (m2 kg-1)  Hobbie et al. 2002 Deciduous  Rubus chamaemorus 10.3000  0.4100 6 
SLA (m2 kg-1)  Hobbie et al. 2002 Evergreen  Ledum palustre ssp. decumbens  4.8200  0.2200 5 
SLA (m2 kg-1)  Hobbie et al. 2002 Evergreen  Ledum palustre ssp. decumbens  3.8300  0.2300 6 
SLA (m2 kg-1)  Hobbie et al. 2002 Evergreen  Vaccinium vitis-idaea ssp. minus  6.0900  0.3000 6 
SLA (m2 kg-1)  Hobbie et al. 2002 Evergreen  Vaccinium vitis-idaea ssp. minus  6.5200  0.4400 6 
SLA (m2 kg-1)  Hobbie et al. 2002 Graminoid  Carex bigelowii  5.5800  0.1700 6 
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SLA (m2 kg-1)  Hobbie et al. 2002 Graminoid  Carex bigelowii  6.8200  0.3500 6 
SLA (m2 kg-1)  Hobbie et al. 2002 Graminoid  Eriophorum vaginatum var. spissum  4.5900  0.1500 6 
SLA (m2 kg-1)  Hobbie et al. 2002 Graminoid  Eriophorum vaginatum var. spissum  4.8000  0.0800 6 
SLA (m2 kg-1)  Kolari et al. 2005 Evergreen  Vaccinium vitis-idaea  5.6818  20 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Betula nana 14.2248  0.1800 3 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Betula nana 10.9500  1.8700 5 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Betula nana 10.0500  1.8700 5 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Betula nana 12.0200  1.8700 5 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Betula nana 10.7300  1.8700 5 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Betula nana 12.0050  0.1800 3 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Salix pulchra 11.0300 3 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Salix pulchra 10.5500  2.3800 5 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Salix pulchra 11.5300  2.3800 5 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Salix pulchra 10.4500  2.3800 5 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Salix pulchra 10.2200  2.3800 5 
SLA (m2 kg-1)  Matthes et al. 1988 Deciduous  Salix pulchra 10.1630 3 
SLA (m2 kg-1)  Reich et al. 1998 Deciduous  Arctostaphylos uva-ursi  7.8400 1 
SLA (m2 kg-1)  Reich et al. 1998 Deciduous  Salix glauca 12.2800 1 
SLA (m2 kg-1)  Reich et al. 1998 Deciduous  Salix planifolia 12.3000 1 
SLA (m2 kg-1)  Shaver et al. 2001 Deciduous  Betula nana 13.6910  0.3590 4 
SLA (m2 kg-1)  Shaver et al. 2001 Deciduous  Betula nana 17.3510  0.5900 4 
SLA (m2 kg-1)  Shaver et al. 2001 Deciduous  Rubus chamaemorus 13.0220  1.0460 4 
SLA (m2 kg-1)  Shaver et al. 2001 Deciduous  Rubus chamaemorus 26.4050  5.6500 4 
SLA (m2 kg-1)  Shaver et al. 2001 Deciduous  Salix pulchra  9.8730  2.3690 4 
SLA (m2 kg-1)  Shaver et al. 2001 Deciduous  Salix pulchra 14.4130  0.9500 4 
SLA (m2 kg-1)  Shaver et al. 2001 Evergreen  Ledum palustre ssp. decumbens  4.3630  0.2210 4 
SLA (m2 kg-1)  Shaver et al. 2001 Evergreen  Ledum palustre ssp. decumbens  6.4350  0.5100 4 
SLA (m2 kg-1)  Shaver et al. 2001 Evergreen  Ledum palustre ssp. decumbens  4.1030  0.1010 4 
SLA (m2 kg-1)  Shaver et al. 2001 Evergreen  Ledum palustre ssp. decumbens  5.8820  0.5700 4 
SLA (m2 kg-1)  Shaver et al. 2001 Evergreen  Vaccinium vitis-idaea ssp. minus  5.9400  0.1690 4 
SLA (m2 kg-1)  Shaver et al. 2001 Evergreen  Vaccinium vitis-idaea ssp. minus 12.2870  1.8620 4 
SLA (m2 kg-1)  Shaver et al. 2001 Evergreen  Vaccinium vitis-idaea ssp. minus  4.5990  0.1350 4 
SLA (m2 kg-1)  Shaver et al. 2001 Evergreen  Vaccinium vitis-idaea ssp. minus  8.4150  1.4450 4 
SLA (m2 kg-1)  Shaver et al. 2001 Graminoid  Carex bigelowii  8.3040  0.5380 4 
SLA (m2 kg-1)  Shaver et al. 2001 Graminoid  Carex bigelowii 16.4900  6.7940 4 
SLA (m2 kg-1)  Shaver et al. 2001 Graminoid  Eriophorum vaginatum var. spissum  8.1770  0.2070 4 
SLA (m2 kg-1)  Shaver et al. 2001 Graminoid  Eriophorum vaginatum var. spissum  9.3460  0.5250 4 
SLA (m2 kg-1)  Wijk et al. 2005 Deciduous  Arctostaphylos alpina 13.5000  0.1000  44 
SLA (m2 kg-1)  Wijk et al. 2005 Deciduous  Betula nana 14.4000  0.5000  26 
SLA (m2 kg-1)  Wijk et al. 2005 Deciduous  Betula nana 10.0000  0.2000  50 
SLA (m2 kg-1)  Wijk et al. 2005 Evergreen  Andromeda polifolia  5.7000  0.3000  45 
SLA (m2 kg-1)  Wijk et al. 2005 Evergreen  Empetrum nigrum  4.1000  0.1000  62 
SLA (m2 kg-1)  Wijk et al. 2005 Evergreen  Ledum palustre  6.5000  0.1000  38 
SLA (m2 kg-1)  Wijk et al. 2005 Evergreen  Vaccinium uliginosum 14.5000  0.5000  16 
SLA (m2 kg-1)  Wijk et al. 2005 Evergreen  Vaccinium uliginosum 10.4000  0.2000  56 
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SLA (m2 kg-1)  Wijk et al. 2005 Evergreen  Vaccinium vitis-idaea ssp. minus  6.5000  0.2000  44 
SLA (m2 kg-1)  Wijk et al. 2005 Evergreen  Vaccinium vitis-idaea ssp. minus  5.3000  0.3000  36 
SLA (m2 kg-1)  Wijk et al. 2005 Graminoid  Carex bigelowii  7.6000  0.6000 
SLA (m2 kg-1)  Wohlfahrt et al. 1999 Evergreen  Vaccinium uliginosum 13.3800  15 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Deciduous  Betula nana  145.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Deciduous  Betula nana  389.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Deciduous  Betula nana 61.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Deciduous  Betula nana 87.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Deciduous  Betula nana  172.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Deciduous  Betula nana 80.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Deciduous  Betula nana  146.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum 88.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum 80.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum  227.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum  318.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum 79.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum  189.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum  131.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum 37.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum  332.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum 85.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum  205.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum 74.0000 1 
Vcmax (umol CO2 m-2 s-1) Dynes & Moore unpublished Graminoid  Eriophorum vaginatum 74.0000 1 
Vcmax (umol CO2 m-2 s-1)  Wohlfahrt et al. 1999 Evergreen  Vaccinium uliginosum 40.0200 15
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